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ABSTRACT 
The recent advances in microelectronics coupled with the advantages of current 
conveyors, and the feasibiHty in contemporary IC technologies have made them a de-
facto standard for realizing analogue signal processing functions. In pursuit of enhancing 
this knowledge, the thesis presents a variety of analogue signal-processing circuits along 
with a newly introduced current controlled active element. The circuits encompass prime 
signal processing functions like amplification, filtering, signal generation and precision 
rectification. The active elements used for realizing these functions include different 
variations of current conveyors such as, CCII, CCIII, CCCII and CDBA. Major emphasis 
in the work is given on the electronically tunable current-mode circuit realizations using 
Cecils and capacitors only, which can be microminiaturized in contemporary IC 
technologies. However, some circuit realizations are also given using CCII, CCIII and 
CDBA as active elements along with resistors and capacitors. 
The first category of the signal processing circuits i.e. electronically controlled 
amplifiers, are the active-only circuits with CCCIIs. Voltage-mode summing, difference 
and an instrumentation amplifier circuits based on CCCIIs only, with a very high input 
impedance, current controlled gain, wide bandwidth, high CMRR, high linearity and low 
THD are realized. A current controlled precision rectifier using two CCCIIs and another 
circuit with a single CCCII is proposed with features like high input impedance, current 
controllable output, low zero crossing distortion and good linearity. A new current 
controlled active element is also derived, by making the available CDBA, current 
controllable, thus giving rise to a current controlled current differencing buffered 
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amplifier (CCCDBA). The new active element enjoys large bandwidth, wide tunability 
with bias current, low power dissipation, low THD and good dynamic range. Four basic 
amplifier topologies using a CCCDBA are also given. All the realized circuits are 
studied and verified through extensive simulations. 
The second category of the presented circuits in the work, are all-pass sections 
(APSs). Thirteen first order voltage and current-mode all-pass sections with CCII, CCIII 
and Cecils are realized. Most of the all-pass circuits are canonical realizations. All the 
circuits are also studied for the non-idealities of active elements and sensitivity 
performances. The studies result in negligible deviations in their performances from the 
ideal one. The sensitivity figures are found to be low. The translinear-C circuits in 
addition, enjoy electronic tunability as well. The circuits are designed and verified 
through simulations with attractive results. 
The third category of signal processing circuits realized in the thesis, are 
translinear-C universal biquadratic filters. Four such new current-mode circuits are 
introduced using two, three, four and five CCCIIs. Some of them are also usable in 
voltage-mode and/or mixed-mode applications as well. All the current-mode universal 
filter circuits enjoy cascadable outputs, tunable filter parameters, low active and passive 
sensitivities, an optimum active and passive component count and suitability to IC 
implementation. Two-CCCII based universal biquadratic filter is a canonical realization. 
All the universal filter circuits are also studied for non-ideality and sensitivity 
performance. The studies result in negligible deviations in filter performances from the 
ideal, and low sensitivity figures. A modular approach is presented for the realization of 
higher order filters with digitally selective response and current controlled filter 
parameters. The approach is verified with a case study on sixth order filters. All the 
filtering circuits presented in the work are designed and verified through simulations 
using the real device AT & T transistor parameters with 300MHz CBIC-R process. 
Signal generation of appropriate amplitude, phase and fi-equency is the next 
category of another important function considered in the thesis. Nine translinear-C 
quadrature oscillator circuits in current/voltage mode, based on different schemes are 
presented. Four basic schemes used are (i) RLC resonator along with negative resistor, 
(ii) first order all-pass section with integrator in closed loop, (iii) non-inverting non-unity 
mid-band gain second order band-pass filter in closed loop, (iv) second order low-pass 
filter with an integrator in closed loop. The first three schemes realize second order 
oscillator circuits, whereas, the last scheme realizes a third order oscillator. All the 
circuits are based on translinear conveyors, enjoy electronic control over a wide 
fi-equency range, generates quadrature voltage and/or current outputs. Some of the 
circuits use only two CCCIIs and two capacitors, and thus are canonical realizations. The 
circuits are also studied for the non-idealities of the translinear conveyors. A comparative 
study of all the presented oscillator circuits is also made. All the circuits are designed and 
verified through simulations using AT&T transistors with CBIC-R process parameters. 
Applications of the CDBA are given in filtering and signal generation. One 
voltage-mode universal filter with six responses and one quadrature oscillator with two 
current and two voltage outputs, are realized, designed and verified through the suggested 
SPICE macro-model of CDBA. Lastly, the application of newly proposed CCCDBA in 
filtering is given by introducing five current-mode multifimctional filter circuits, each 
capable of realizing two or three responses simultaneously. The circuits are also studied 
VI 
for the non-idealities of the active elements. Design and verifications are also given using 
AT &T transistors with CBIC-R process parameters. 
The work presented in the thesis covers a wide variety of novel signal processing 
circuits using different variations of current conveyors, with their suitability to 
contemporary IC technologies, and is expected to contribute to the knowledge. 
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CHAPTER-1 
INTRODUCTION 
1.1 Preamble 
A lot of inventions happen by chance, and luckily, the "current conveyors" are one 
of these by which the electronic circuits and systems have benefited today. As the story 
goes, it was long back in late sixties (twentieth century), when A. S. Sedra working under 
the supervision of Prof K. C. Smith on the design of programmable instruments, came up 
with a precise voltage to current converter circuit using bipolar transistors. The circuit 
was successfully employed in voltage controlled waveform generator, the project they 
were actually working on. However, it was realized that, simultaneously, a new three-port 
network was bom, that was termed as "current conveyor" [1-3]. By definition, a current 
conveyor (CC) is a current follower with an accurately defined unity gain, but with the 
added advantage that the voltage at one of the input terminals is also conveyed to the 
other input terminal. The implications of this invention were not immediately evident and 
only later it was realized that the use of current rather than voltage as the active parameter 
result in higher usable gain, accuracy and bandwidth due to reduced voltage excursion at 
sensitive nodes. As a result, a number of modifications / improvements were made to the 
first invented current conveyor, so as to give rise to different generations and variations 
of the CC with different implementations and applications. These include first generation 
current conveyor (CCI), second-generation current conveyor (CCII), third generation 
current conveyor (CCIII), inverting CCII (ICCII), fiilly differential CCII (FDCCII). 
current controlled conveyor (CCCII), current differencing buffered amplifier (CDBA) etc 
[4-24]. The recent advancements in microelectronics have also ensured the feasibility of 
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these active elements in IC form using different contemporary IC technologies, which 
was not possible at the time of introduction of current conveyors. This has brought about 
a sea change in the field of analogue signal processing. As a result, the technical literature 
has been flooded by numerous publications on these active elements and their 
applications in amplification, filtering, signal generation, rectification and other non-
linear applications [4-107]. 
In spite of the wealth of literature available on the subject, there is still scope to 
further this knowledge. This became one of the motivating factors to select the subject of 
realizing signal processing circuits using current conveyors for this thesis work. The 
active elements used and the other related ones are discussed in the following sections 
along with a review of analogue signal processing and their technological aspects. 
1.2 Current Conveyors 
A generalized symbol of the CC is shown in Figure 1.1 with the three port voltages 
and current marked. The symbol can be used to denote CCI, CCII, CCIII, and ICCII with 
appropriate port relationships as defined below. 
First generation: The current conveyor (CC) as introduced in 1968 and named first 
generation CC (CCI) is characterized by the following relationship. 
v^=Vy,iy=^ix,iz=ih (1-1) 
The voltage applied at Y terminal appears at the X-terminal independent of the 
current supplied to X thus, the circuit exhibits a virtual short circuit the X terminal. Also, 
a current flows through Y equal to the current supplied to X and independent of Y 
terminal voltage. Thus, the circuit also exhibits a virtual open circuit at Y terminal. 
VY 
vx 
lY 
ix 
Y 
CC 
X 
Z 
iz 
vz 
Figure 1.1 Current Conveyor (CC) symbol 
Finally, the current supplied to X is conveyed to the output terminal Z, where the 
impedance level is very high. The '+' sign is for CCI+ and '-' for the CCI-. The 
implementation of CCI employed matched pnp and matched npn transistors and found an 
early application as current measuring devices [1,2]. Improved implementations were 
later reported that operated in class AB and used elaborate current mirrors for better 
accuracy [9,10]. 
Second generation: To increase the versatility of the CCI, a second version in which the 
no current flows in the Y terminal was introduced and called second generation current 
conveyor (CCII). The CCII is characterized by the following port relationship. 
/j, = 0,v^=v^,Z;^=±/j^. (1.2) 
Thus, the Y terminal exhibits infinite input impedance. The voltage applied to Y terminal 
follows at the X, thus, X terminal exhibits a zero input impedance. The current supplied 
to X is conveyed to the output Z terminal with either positive polarity (in CCII+) or 
negative polarity (in CCII-) [3,4]. By convention, positive is taken to mean ix and iz both 
flowing simultaneously toward or away from the conveyor [8]. Early implementations of 
CCII used opamps., OTAs and resistors, though, many bipolar and CMOS 
implementations are available today [5,7,11-13,17]. The CCII proved to be a versatile 
active element for realizing a wide range of linear and non-linear signal processing 
applications [8]. 
Third generation: In 1995, almost three decades after the invention of CC, a new CC 
named third generation CC (CCIII) was introduced. The CCIII is characterized by the 
following matrix relationship. 
Vx=Vy^h=-ix^h=^h 0-3) 
The CCIII is useful for tapping the current flowing through a floating branch of a circuit. 
It differs from the CCI in the current flowing through the Y terminal, which is negative of 
the X terminal current. The current conveyed from X to Z is positive in CCIII+, and 
negative in CCIII-. The convention of direction is same as in CCII. The CCIII was used 
as the input cell of probes and current measuring device [19]. The implementation of 
CCIII and some initial applications are available in literature [20,21]. 
Inverting CCII: In 1998, a new CC type called inverting CCII (ICCII) was introduced. 
The ICCII differs from the CCII in the voltage reversing action at port X. In ICCII, the 
voltage applied at Y appears inverted at the X terminal. The polarity of current conveyed 
from X to Z gives the two type of ICCII, namely, ICCII+ and ICCII-. CMOS 
implementation and some applications of ICCII in transfer function synthesis were also 
reported [13]. 
Fully differential CCII: In order to extend the dynamic range of analog blocks, the 
concept of fully differential signal processing was given by introducing a fully 
differential current conveyor (FDCCII) with the symbol shown in Figure 1.2. The 
FDCCII is characterized by the following relationship. 
The applications of the FDCCII in realizing trans-conductors, multipliers, fully 
differential filters, etc. were also reported in the literature [14]. 
Related active element - CFA: Not necessarily a current conveyor type, the current 
feedback operational amplifier (CFA) is a related active element. Traditional voltage 
operational amplifiers (opamps) are characterized by a constant gain-bandwidth product 
i.e., the bandwidth varies inversely with the closed-loop gain. CFAs were introduced. 
primarily to overcome this problem. In practice, CFAs have a relatively constant closed-
loop bandwidth at low gains when a constant gain-bandwidth product eventually results. 
Another feature of the CFA is the theoretical elimination of the slew rate limiting. In 
practice, component limitations do result, in a maximum slew rate, but this is usually 
very much higher (for a given bandwidth) than voltage feedback amplifiers [11]. The 
CFA symbol is shown in Figure 1.3 and is characterized by the following relationship. 
Vx=Vy,i,=i^,v,,=v, (1.5) 
A number of implementations of CFA are also available in literature [11-22]. CFAs are 
also commercially available, AD844 being one example [23]. A single AD844 can realize 
a CC1I+ followed by a buffer, whereas, CCII- realization requires two such ICs. 
It is to be noted that of the CCs and other active elements discussed above, some of 
the work to be presented in thesis is based on CCII and CCIII. 
1.3 Translinear Conveyor 
The word 'translinear' was first coined in 1975 to the class of circuits that utilized 
the basic property of bipolar transistors; the property that the transconductance of a BJT 
is linearly proportional to its collector current, hence the word 'translinear' [15]. 
Translinear circuits have the inputs and outputs entirely in form of currents and no 
voltages other than the junction voltages are involved. The circuit function in such cases 
is essentially independent of the overall magnitude of operating currents, that is, the bias 
level; rather the behavior of the circuit is invariably a consequence of current ratios 
within the circuit. Thus within the same physical circuit, a given fimction can be often 
achieved at bias currents from nanoamperes, at which point the operation is slow and 
Y 
Vy " 
ix 
X 
+ x 
y ^ 
iz 
W 
-^ vz 
Z 
Vw 
Figure 1.3 Current Feedback ArriDlifier (CFA) symbol 
accuracy may deteriorate due to second order effects, up to milliamperes, where, the 
circuit is fast because voltage swings are at an absolute minimum [11]. There is a class 
of circuits where BJTs are arranged in one or more closed loops of junctions (translinear 
loops). Here the circuit function depends primarily on the use of currents as signal or 
functional variables, and which can be designed and understood, certainly at a basic level, 
using methods in which voltages need not be considered at all. It is the circuits of this sort 
that are often meant by the use the term 'current-mode'. A translinear loop comprising 
of NPN and PNP transistors was employed in realizing the input (Y to X) characteristic 
of a e c u . The resulting conveyor was hence termed as translinear conveyor [8,16]. 
Translinear loop: The mixed translinear loop consisting of two PNP and two NPN 
transistors is shown in Figure 1.4. It is characterized by the following translinear 
relationship between collector currents of the transistors [15,16]. 
I,I, = I,I, (1.6) 
The circuit is dc biased by two identical currents (Ii=l3=lo) by assuming current gain p of 
the transistors much greater than unity. Thus, it presents a high impedance input port (Y) 
and a low impedance output port (X). The output small signal resistance of the circuit is 
given as: 
y 
R.=^ (1-7) 
Here, VT is the thermal voltage [15,16,18]. Equation (1.7) shows that Rx can be 
controlled through the dc bias current IQ. 
Implementation: The mixed translinear loop of Figure 1.4 is used in translinear 
conveyor, also called current controlled conveyor (CCCII). The symbol of CCCIl is 
shown in Figure 1.5a, and the implementation of a positive current controlled conveyor 
9 
lo GD 
Ii " 
Q, > 
"> G) 
I h 
X 
< 
Q4 
I4 
Figure 1.4 Schematic of mixed translinear loop 
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VY 
Vx 
Vz 
Figure 1.5a CCCII symbol 
11 
(CCCII+) is shown in Figure 1.5b. Two current mirrors (Q9, QIO and Q11-Q13) allow 
the mixed loop to be dc biased by the current I©. The output Z that copies the current 
flowing through port X is realized using two complementary mirrors (Q5, Q6 and Q7, 
Q8). The translinear conveyor, also called, current controlled conveyor (CCCII) is 
characterized by the following relationship. 
v.v = V, + /,.R^, iy = 0, i, = ±i^ (1.8) 
The implementation of Figure 1.5b realizes a CCCII+, with a positive current transfer 
from X to Z. The R,x is given by equation (1.7) and is current controllable. A current 
controlled conveyor with negative current transfer (CCCII-) from X to Z (- sign in eqn. 
1.8) requires additional cross-coupled current mirrors for inverting the direction of 
current [37]. The CCCII- implementation is shown in Figure 1.5c. Next, the CCCII with 
both Z+ and Z- ouQ)uts (dual outputs) is shown in Figure 1.5d. Multiple outputs can also 
be obtained by employing current mirrors or cross-coupled current mirrors so as to obtain 
additional Z+ and Z- outputs. 
It is to be noted that the majority of work to be presented in the thesis is based on 
translinear conveyors (CCCIIs). The CCCIIs used include the ones with single output (Z+ 
or Z-), dual outputs, or with multiple outputs for sensing current at high impedance 
nodes. 
CCCII based active resistors: The CCCII can be used as an active resistor, either in 
grounded or in floating form [36]. The positive grounded resistor using CCCII- is shown 
in Figure 1.6a, where the realized resistor value is Rx. Next, the negative grounded 
resistor realization using a CCCII+ is also shown in Figure 1.6b. Similarly, the use of 
CCCII as a floating resistor is shown in Figure 1.6c, with the realized resistor value as R\. 
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It is to be noted that the realized active resistors are current controllable, thus can be used 
to replace resistors in active-RC circuits, giving rise to current controlled active-C 
realizations. 
1.4 Current Differencing Buffered Amplifier 
With growing popularity and applications of the current-mode circuits, a new active 
element was introduced in 1999, and called current differencing buffered amplifier 
(CDBA) [24]. The electrical symbol of the CDBA is shown in Figure 1.7. The CDBA is 
characterized by the following relationship. 
F,=F„=0, ( / ^ - / „ ) = 4 , F , = K (1.8) 
Equation (1.8) shows that a CDBA converts the difference input current into an output 
voltage Vw through an impedance connected at the Z terminal. Therefore, CDBA can be 
considered as the transimpedance amplifier and from this viewpoint, it is similar to the 
CFA. More appropriately, the CDBA has two zero impedance current input terminals and 
a high impedance output Z terminal. The output stage also has a voltage buffer as W 
terminal. Some of the applications of this active element along with implementations are 
also available in literature [24,39,104-106]. 
It is to be noted that some of the work to be proposed in the thesis is based on the 
useofCDBAs. 
1.5 Integrated Passive Components 
This section discusses the fabrication possibilities of the passive components, 
namely, resistors and capacitors. Though, resistors have been employed only in some of 
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the circuits to be presented in the thesis, capacitors have been employed in most of the 
proposed circuits, with exception of few active-only circuits. 
Resistors in monolithic integrated circuits are obtained by utilizing the bulk 
resistivity of one of the transistor regions. The most common technique is to use "base-
diffused" or "emitter-diffused" resistors in bipolar technology. The range of values 
obtainable with diffused resistors is limited by the size of the chip area required. Practical 
range of resistors is 20ohms to 30Kohms for base-diffused resistors and lOohms to 
IKohms for emitter-diffused resistors. The tolerance is as high as ±20% of the nominal 
value with ratio tolerance of ±2% for minimum width geometry. For IC design, resistor 
ratios, rather than the absolute values are thus preferred. Ion-implanted resistors with 
values comparable to base-diffused and improved matching tolerances also provide 
another option to the designer. Similarly, collector epitaxial region, which provides a 
sheet resistance, about six times that of base-diffusion, gives higher valued resistors, 
known as "epitaxial resistors". However, the tolerance of epitaxial resistors is poor. 
Pinched resistor provide values in excess of SOKohms with large tolerances (±50% 
absolute and ±10% matching). As for the MOS technology, besides diffused and 
implanted resistor, three other types are also utilized. The first is "polysilicon resistor" 
formed simultaneously with the gate region of the MOS transistors. Tolerances of the 
order of diffused resistors are attainable. Second type is the "well resistor", which uses n-
type diffusion forming the substrate of PMOS transistor in CMOS technology. This is 
analogous to the epitaxial resistor in bipolar technology, however the tolerances are poor. 
The third type of resistor is the MOS transistor itself When biased in the ohmic region, 
MOS behaves as a resistor, however, the range of values obtained is limited and the 
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resistance realized is non-linear. Another technique of fabricating resistor is vapor thin 
film deposition (metals employed are Nichrome and Tantalum) giving rise to "thin film 
resistor". Thin film resistor enjoys the advantage of laser trimming, for value adjustment, 
even after fabrication [108,109]. 
Capacitors in IC form are fabricated by utilizing either the depletion region 
capacitance of reverse biased p-n junction, the MOS transistor or thin film deposition. In 
bipolar technology, capacitors are limited to the junction capacitance of the reverse 
biased diodes. An MOS non-polarized capacitor consists of heavily doped n+ region 
formed during implantation of the drain and source region, and the thin film of metal (Al) 
being the dielectric. Upper plate can also be of polysilicon layer used to obtain gate 
regions of MOS transistors. Some commercial MOS fabrication processes utilize two 
layers of polysilicon, which are separated by a thin Si02, thus forming a "poly-poly 
capacitor". "Thin film capacitors" are formed by evaporating a thin conducting film 
(upper plate) onto the Si02 layer (dielectric), and heavily doped n+ region below the 
dielectric as the lower plate of the capacitor. The capacitance of MOS or junction 
capacitors is about 4E-04 pico-farads per square micrometer. Most IC capacitors are 
typically less than lOOpf Values in excess of 500pf have been obtained, at the expense of 
larger chip area. However, even larger values can be obtained using Tantalum films 
where controlled growth of tantalum pentaoxide (Ta205) is used as dielectric, and 
metallic tantalum is deposited for the top plate (since Al is soluble in Ta205). The 
increased capacitance obtained is at the expense of additional processing step [108]. 
Most of the work to be proposed in the Thesis uses capacitors along with CCCIIs or 
newly introduced CCCDBA, both of which are current controlled active elements. These 
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capacitors along with the bias currents of active elements, either decides the cut-off 
frequency of filters and oscillation frequency of oscillators. Any imprecision in the 
capacitance values can be easily compensated by bias-current adjustments of the active 
elements. Similarly, some of the circuits (in Chapter 3 and Chapter 6) utilize resistors, in 
some cases in ratioed form. Thus whereever, ratioed resistors are required, the integration 
is not a problem. In other cases (like in Chapter-6), when used along with CCCDBAs, 
separate fabrication is not at all required, as CCCDBA can itself be used for realizing a 
controlled resistor. The same also applies to CCCII based circuits. Thus it is to be 
realized that the use of capacitors and in some cases resistors does not actually pose 
problems, as far as the IC implementation of the circuits to be presented in this work is 
concerned. 
1.6 Analogue Signal Processing 
Significance and scope: The vast majority of signal in the world around us are analog in 
nature. A few examples of such signals are the output of microphone, temperature 
sensors, photocells in digital camera, speakers in mobile phones etc. Similarly, computer 
monitors need analog input signal. RF signals in space and at the anteima are all analog in 
nature. Electronics circuits that process these signals are called analogue signal 
processing circuits. The most common analogue signal processing functions required in 
electronic, communication and instrumentation systems are amplification, rectification, 
filtering, modulation, data conversion, multiplexing etc. The generation of appropriate 
amplitude, frequency and phase signal for a particular application is also another 
important function required by these systems. An interesting application example of 
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some of these analog functions is in disk drive circuits, wiiere, programmable amplifiers, 
filters, voltage controlled oscillators, data converters etc. are needed. Similarly wireless 
optical systems employ current amplifiers at the front end to amplify the photo detector 
output. Virtually every communication system utilizes some form of analog base band 
filtering in order to select the information-bearing signal or to satisfy the anti-aliasing 
requirements of the subsequent digital processing blocks. Controlled oscillators find 
important applications in communication, instrumentation and measurement systems as 
well. They play an essential part, for example, in phase locked loops, clocks, sensors etc. 
All this goes to disapprove the misconception that analog is old and the world has gone 
digital. In words of one senior Vice-President of Texas Instruments Inc. "on average 
there's probably 15 analog chips needed for every digital processor" [8,11,96,98,107-
112]. 
Traditional approach: Till early sixties (twentieth century), analog design used 
transistors, inductors, resistors and capacitors. With the development of first integrated 
operational amplifier (opamp), in mid sixties, the analog design shifted to the use of 
opamps, resistors and capacitors. Obviously, the inductors were replaced by opamp-
based simulators, to reduce the weight and size of the circuits. This was the introduction 
of Active-RC networks, which found favour of circuit designers for analogue signal 
processing. The trend continued till early eighties, when limitations of finite opamp 
bandwidth were addressed. To overcome this, active-R networks exploiting the internal 
dynamics of opamps were also researched. At the same time, some of the other problems 
associated with active-RC circuits were also realized. One was the difficulty of obtaining 
the circuit in monolithic form, due to requirement of large valued capacitors and / or 
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resistors, and the need of accurate RC time constants. Large valued resistors/capacitors 
were impractical in monolithic form or could not provide accurate RC time constants due 
to large tolerances of components realized. The solution was proposed in Switched 
capacitor (SC) circuits. In SC circuits, the time constants depended on external clock 
frequency and more importantly on capacitor ratios, both being precisely controllable. It 
is well known that, capacitor ratios in MOS technology are controllable to within 0.1%. 
However, SC circuits suffered from clock feed through, need of clock, smoothing and 
band-limiting filters etc [113-115]. This led to the development of signal processing 
circuits based on operational transconductance amplifier (OTA) and capacitors. These 
OTA-C circuits became popular in eighties and continued till date. The advantages 
offered by these circuits are possibilities of obtaining tunable signal processing functions, 
the feature as a result of the bias current of OTA and a feature missing in opamp based 
circuits. Another advantage is the bandwidth in excess to the opamps. Thus a wealth of 
literature has been published using OTAs as the basic active blocks [115-123]. Some 
excellent active-only realizations using OTAs and / or operational amplifiers (OAs) were 
also recently reported in the literature [121-123]. Such active-only realizations with no 
external passive components and electronic tunability are suited for IC implementation. 
Recent approach: During the last decade, when OTA based circuits were still quite 
popular [115-123], the current conveyors received a renewed attention due to their 
potential advantages like versatility, accuracy, low power, wide bandwidth, very high 
slew rates, large dynamic range and most importantly, the feasibility of integration 
[3,8,11, 124-129]. A unique feature of the CC is the fact that, it is essentially a 
voltage/current mode hybrid circuit giving versatility to it, hence, making it an extremely 
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powerful analogue building block. Thus a lot of signal processing functions have been 
realized using this active element along with resistors and capacitors [47-51, 56-74, 93-
100]. A wealth of literature has also been devoted the signal processing functions with 
input and output variables as current rather then voltage [8, 11,51, 67-74]. Such circuits 
are described by the 'current transfer functions' and are said to operate in 'current-mode'. 
The suitability of current conveyors for current-mode circuit realization is due to the 
availability of an ideal current follower (from X to Z), besides an ideal voltage follower 
(from Y to X), in these active elements. This feature is unique to these active elements, 
unlike OAs and OTAs, hence their suitability to current-mode operation, besides the 
traditional voltage-mode operation. The current-mode operation enjoys certain 
advantages viz. extended bandwidth, lower power consumption, higher dynamic range, 
and simpler circuit structures due to the ease of algebraic manipulation of currents 
[8,11,67,110]. 
In-spite of enjoying a number of advantages, the signal processing circuits based 
on CCs and passive components (resistors and capacitors) once again face the problem of 
monolithic implementation due the use of resistors and capacitors together. These circuits 
also lack electronic tuning, due to the inherent non-availability of tuning with CCs (CCI, 
ecu, CCIII). To overcome this, current controlled conveyors (CCCIIs) were introduced 
in mid nineties [18]. Ever since then a lot of attention has been paid to the circuit 
realizations using CCCIIs as the active element [36,37,53,75-84]. These active elements 
enjoy current controllable port-X resistance giving rise to the possibility of electronic 
tuning, as well as the elimination of external resistors from the circuit realizations, hence, 
making such circuit realizations compatible to monolithic implementationin 
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contemporary IC technologies. Thus, analogue signal processing circuits employing 
translinear conveyors and capacitors (translinear-C) have gained recent popularity [75-
84]. The advantages offered by these circuits are wide bandwidth, electronic tuning and 
suitability to monolithic implementation. This approach of utilizing translinear 
conveyors and capacitors for realizing signal processing functions is used in majority of 
the work proposed in the thesis. 
Technological trends: The element of principle importance concerning analogue signal 
processing is the trend of technology. The different viable IC technologies for analogue 
circuits are bipolar, CMOS, BiCMOS and GaAs. Bipolar technology has long been the 
mainstay of integrated circuit technology with advantages like low noise, high 
transconductance and fast switching. CMOS has become a dominant analogue 
technology with low power dissipation. However, CMOS suffers from higher noise than 
bipolar and also does not offer un-degraded device performance, as devices are made 
smaller. BiCMOS combines both the bipolar and CMOS technologies and offer the 
ability of low power dissipation and higher speed. Another advantage to the designer is 
the combination of two devices (Bipolar and CMOS) gives a performance not achieved 
individually. GaAs technology, with recent popularity for microwave applications (GHz 
range), suffers from yield and reliability problems and is limited to low levels of 
integration [11]. 
The current conveyors implementations have been proposed in bipolar, CMOS 
and BiCMOS technologies, as a result making them a viable choice for analogue signal 
processing. The CCII implementations are available in all the three mentioned 
technologies [124-126]. Similarly, circuit implementations for CCIII are also available in 
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bipolar and CMOS technology [20, 127]. The current controlled conveyor, which has its 
origin in bipolar technology, has also been implemented in CMOS and BiCMOS 
technologies [18, 37, 128-129]. The availability of the implementations of these current-
mode active elements, such as CCII, CCIII and CCCII, in different IC technologies gives 
the circuit designers flexibility and feasibility in employing these elements in a desired 
signal processing application. 
1.7 Organization of the Thesis 
The thesis has been organized in seven chapters with the present Chapter i.e. 
Chapter-1 on Introduction which includes the relevant background materials. Chapter-2 is 
on current controlled amplifiers. One voltage-mode current controlled amplifier with 
functions of summing and differencing employing CCCIIs only, and an instrumentation 
amplifier also based on CCCIIs only, are proposed. A detailed performance study and 
verifications are given. A current controlled amplifying precision rectifier using CCCII is 
also given along with its performance study and verifications. A new active element, i.e. 
current controlled current differencing buffered amplifier (CCCDBA) is also introduced 
and its performance characteristics are studied. Four basic amplifier topologies suing 
CCCDBA are also proposed. 
Chapter-3 is devoted to thirteen new circuits of first order all-pass sections (APSs) in 
voltage-mode (VM) and / or current-mode (CM). A single CCII based APS with three 
passive components and its translinear conveyor version using a minimum of two passive 
components is proposed. Another configuration based on a single CCII- is introduced; its 
translinear conveyor version and the fully tunable translinear-C versions are given. Next, 
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one current controlled CM-APS using two translinear conveyors and a capacitor is 
introduced and another canonical CM-APS with single dual output CCCII and a capacitor 
is also derived. Two VM-APSs using a single CCIII and four canonical CM-APSs also 
using single CCIII are proposed. All the circuits are studied and verified through 
frequency and time domain responses. The APS circuits proposed in the chapter have 
important applications in communication and instrumentation systems as phase shifter, 
equalizers, realization of oscillators etc. 
Chapter-4 is devoted to the realization and study of translinear-C universal 
biquadratic filters (UBFs). Four such circuits operating in CM and enjoying high 
impedance cascadable current outputs are proposed and studied for the non-idealities of 
translinear conveyors. Some of the UBFs operation in VM and/ or mixed mode is also 
presented. Higher order filter realization employing the UBFs , using a modular approach 
is also given. A scheme for realizing fully integrable, tunable current-mode / voltage-
mode higher order filters with digital selection is presented and a case study on sixth 
order filters is also included. The circuits' performances are also verified through 
simulations using real device parameters for bipolar CCCIIs. The circuits presented in the 
chapter enjoy attractive features viz. electronic control of filter parameters, low 
sensitivity measures and compatibility for monolithic implementation in contemporary IC 
technologies. 
Chapter-5 presents nine novel translinear-C quadrature oscillator circuits based on 
different schemes of realization. First three circuits to be presented are based on RLC 
resonator and negative resistance, all being realized using translinear conveyors and 
capacitors. The second scheme uses first order APSs (of Chapter-3) along with integrator 
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in closed loop. Three circuits are realized using this scheme. Next scheme of quadrature 
oscillator is based on the use of band-pass filter circuits with non-unity, non-inverting 
pass-band gain. Such a circuit with unity feedback provides oscillations, which can be 
sustained under proper conditions. Two novel band-pass filter circuits (UBFs of Chapter-
4) are used for realizing two such translinear-C quadrature oscillator circuits. The last 
scheme uses second order low-pass filter with an integrator in closed loop that gives a 
third order oscillator circuit. One such circuit (using one of the UBFs of Chapter-4) 
providing quadrature outputs is presented. All the oscillator circuits proposed in the 
chapter are designed and verified using the simulations. The tuning aspect and the THD 
performance of the circuits is also given. The circuits with grounded capacitors, in most 
cases, and current controllability, are suited for monolithic implementation. 
The Chpater-6 is devoted to the realization and study of novel circuits based on 
CDBA and the newly proposed (in Chapter-2) CCCDBA. One universal voltage mode 
biquadratic filter with four inputs and a single output capable of realizing six distinct 
responses, and employing two CDBAs is presented first. A quadrature oscillator circuit 
providing both voltage and currant outputs, employing two CDBAs is also presented. The 
circuits are verified by the proposed SPICE macromodel of the CDBA. Next part of the 
Chapter is devoted to the applications of CCCDBA in filtering. Five distinct CM 
multifunctional filter circuits (MFFs) are presented, each capable of realizing two (in 
some cases three) responses, namely, band-pass and low-pass or high-pass. The circuits 
with current controllability are verified through simulations using the real device 
parameters of the bipolar transistors used in implementing CCCDBA. The use of 
CCCDBA based active resistor and dual output CCCDBAs is also discussed that gives 
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rise to resistor-less realizations and allows some of the current outputs to be sensed at 
high impedance nodes. 
The last chapter of the Thesis i.e Chapter-7 includes the overall conclusion of the 
Thesis and suggestions for the future work on the subject. 
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CHAPTER-2 
NOVEL CURRENT CONTROLLED AMPLIFIERS 
Amplification is one of the most fundamental signal processing applications. A 
voltage amplifier can be configured from a conveyor arranged as a trans-conductance 
amplifier with a specific load resistance followed by a voltage buffer. The absence of 
overall feedback results in wider bandwidth at higher gains [25,26]. A trans-resistance 
amplifier can be constructed using a current conveyor as a current follower, feeding a 
known resistance, followed by a voltage buffer. Current amplifiers can be obtained by 
modifying the conveyor to attenuate the feedback current. Current conveyors are equally 
applicable for voltage feedback amplifier formulations, where they exhibit certain 
advantages like bandwidth independent of gain and higher slew rates compared to 
traditional operational amplifiers [27,28]. Similarly, several circuits for instrumentation 
amplifiers employing current conveyors and resistors have also been proposed with a 
view to achieving higher bandwidths and common mode rejection ratios [29-35]. 
However, the use of resistors for gain control is a problem in most of the circuits, 
especially if the circuit is to be implemented in IC form. This problem can be addressed 
by employing current controlled conveyors for the realization of amplifiers [36]. 
This chapter introduces some novel resistor-less amplifiers based on current 
controlled conveyors (CCCII) only, thus giving rise to active-only amplifiers, where gain 
can be controlled through bias current of CCCIIs. Section 2.1 presents a 
summing/difference amplifier using only three current controlled conveyors [PI]. 
Section 2.2 is devoted to the realization and study of a new instrumentation amplifier 
The material presented in the chapter is based on Authors papers [PI], [P2], [P3], [CI]. 
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based on three CCCIIs [P2]. Section 2.3 presents two current controlled amplifying 
precision rectifiers: one based on two CCCIIs and the other based on a single CCCII 
[CI]. A new current controlled building block called current controlled current 
differencing buffered amplifier (CCCDBA) is proposed in section 2.4 and its 
performance critically studied. Lastly, section 2.5 presents some typical applications of 
the newly proposed CCCDBA as basic amplifiers [P3]. All the presented circuits in the 
chapter are verified through extensive PSPICE simulations using real device parameters. 
2.1 CCCII Based Summing / Difference Amplifier 
2.1.1 Circuit description 
The novel current controlled summing / difference amplifier circuit is shown in 
Figure 2.1. The proposed circuit requires three CCCIIs and no resistors, thus making the 
circuit active-only, suited for IC implementation. The selection of CCCII2 of positive 
type (CCCII+) realize a summing amplifier while for CCCII2 of negative type (CCCII-), 
a difference amplifier is realized. The circuit is analyzed using the port relationship for 
CCCII (given in Chapter-1) to yield the following output voltage expression. 
F „ = i ? , 3 ( | - ± i L ) (2.1) 
where, Rx, (=VT/2IOI), i=l-3, is the intrinsic X terminal resistance of the CCCII, where, 
lo,, are the bias current of conveyors. With Ioi=lo2=Io, the equation (2.1) reduces to the 
following. 
n=A.(F ,±F, ) (2.2) 
•'o3 
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Equation (2.2) shows that the output vohage is either a sum or difference of the two input 
voltages, and the gain of the summing/difference amplifier can be controlled through the 
bias currents of the CCCIIs. The main advantages offered by the circuit are the high input 
impedance and current controllable gain. It is evident from equations (2.1) and (2.2) that 
a weighted sum/difference of the two voltages input signals is obtained from the circuit. 
2.1.2 Non-ideal analysis 
The CCCII is characterized by current and voltage transfer gains a and p 
respectively where a = (1 - eO and P = (1- ev), ei and ev are the current and voltage 
transfer errors of the conveyors respectively. The parasitic of the CCCII can be taken into 
account as Ry// Cy (the parasitic impedance between port Y and ground), Rz//Cz (the 
parasitic impedance between port Z and ground) and Cx, the parasitic capacitance at the 
between terminal X and ground. Figure 2.2 shows CCCII symbol taking port parasistics 
into consideration. Circuit analyses taking into account the CCCII non-idealities yield the 
following output voltage expression. 
V„ ^K{s)R^,{^^ ± ShilL) (2.3) 
K\ K2 
where, 
K(s) = ^ (2.4a) 
L 
3 /?,=-f// /?,, C,=(C,+3CJ (2.46) 
It is assumed that the conveyors have identical value of parasitics (Rz/3 is parallel 
combinations of Z terminal resistance of three CCCIIs, and 3Cz, the parallel Z terminal 
capacitances of three CCCIIs). The eqn. (2.4) shows that the bandwidth depends on Cp, 
which is small for an integrated conveyor and Rx3, which is current controllable. For 
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Figure 2.2 CCCII symbol showing port parasitic impedances 
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typical values of current (say 100|ia), it is approximately ISOohms. Thus, a wide 
bandwidth is obtained from the circuit. The non-idealities of CCCII give the circuit a 
roll-off in gain at higher frequencies. The transfer gains, which are also frequency 
dependent, are close to unity for integrated conveyor till very high frequencies, thus 
negligibly affecting the circuit performance [36]. 
2.1.3 Design and veriflcation 
The proposed circuit of Figure 2.1 was simulated using the bipolar implementation 
of CCC11+ (given in Chapter-1) using the transistor NRIOON and PRIOON parameters 
[37,38]. The CCCII- is obtained by employing cross-coupled mirrors at the output [37]. 
The summing amplifier is designed for unity gain with all three bias currents as lOO a^. 
Sinusoidal inputs of lOmv and 6mv amplitude and a frequency of lOOKHz are applied at 
the two input terminals. Next the difference amplifier is designed for same values of bias 
current and voltage inputs. The time domain waveforms are shown in Figure 2.3 showing 
the output amplitude for summing amplifier (Voa) as 16mv and for difference amplifier 
(Vob) as 4mv. DC characteristics of the proposed circuit is next studied by applying a dc 
input Vi=+10mv and varying V2 from -lOmv to +10mv for the same values of bias 
currents as above. The dc transfer characteristics for both the amplifiers are shown in 
Figure 2.4 showing good linearity. The total harmonic distortion (THD) at the output, for 
the above design values, of summing and difference amplifier was found as 0.8% and 1% 
respectively. The THD was next measured by increasing the frequency to IMHz. The 
THD value at IMHz was found as 1.1% for both the summing and difference outputs. 
Thus the circuit enjoys good THD performance. 
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2.2 Versatile Instrumentation Amplifier (VIA) 
Recently, the realization of instrumentation amplifier has benefited fi-om the current-
mode approach by employing current conveyors. Some circuits have thus been reported 
using these devices [32-35]. However, most of the available circuits employ resistors 
that need to be varied for gain control or even need to be matched for better performance. 
The circuit introduced here overcomes these problems by employing current controlled 
conveyors as the only active elements and none of the passive resistors for realizing the 
instrumentation amplifier. 
2.2.1 Circuit description 
The proposed versatile instrumentation amplifier (VIA) circuit employing three 
current controlled conveyors with a voltage as well as a high impedance (and hence 
insensitive) current output with an electronic control of the gain (and hence the common 
mode rejection ratio, CMRR) through the bias currents of current controlled conveyors is 
given in Figure 2.5. It is to be noted that a CCCII+ and two CCCII- are used. The circuit 
analysis yields the following output voltage. 
For Ioi=Io2=Io, ie. Rxi=Rx2=Rx, the output voltage becomes 
Vo-^iV,-V,) i25b) 
The additional high impedance current output is found as 
2(F,-F,) 
^""i ""^ r~ (2-6«) 
R^^ +/?,2 
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Similarly, for Ioi=Io2=Io, the output current becomes: 
L.=^iV^-V2) (2-66) 
Here, Rx,, i=I-3, is the X terminal resistance of ith CCCII that can be controlled through 
Io„ the bias current of CCCIIi. Equation (2.5) shows that the bias currents can control the 
differential gain. Similarly, equation (2.6) shows that output current is proportional to the 
differential voltage and the transconductance is given as 
G= ' (2.7a) 
The transconductance is simplified with the assumption Rxi=Rx2=Rx, to: 
G = — (2.76) 
If the current output is not desired the Z terminal of CCCII3 can be grounded, simplifying 
the circuit configuration. In that case the CCCII3 reduces to the input translinear loop and 
its biasing stage [36]. 
2.2.2 Non-ideal study 
Taking into account the non-idealities of CCCII as given in previous section along 
with the non-ideal model (Figure 2.2), the VIA circuit is analyzed for the following 
output voltage. 
V„ = K,K,[(a,+ a,)i/3,V,-/3,V,) + s{T,V,-T,V,)] (2.8) 
where, 
j^ Ki°b j^ 1 C2 9 1 
' R,, + R,+sR,,R,Q' ' R,,+R,,+sR,,R,,C, ^ ' ""^ 
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T,=a,p,K,C,, T,=a,/3,R,,C,, (2.%) 
^^ ^ ' T ^ ' Q = ( Q , + Q + Q 3 ) , Q = Q , + Q , (2.9C) 
For matched CCCIIs, Rb=Rz/2 , Cb=(2Cz+Cx) and Ca=2Cx. It is easily verified that 
equation (2.8) reduces to equation (2.5) for unity transfer gains (a and (3) and exclusion 
of various parasitics of CCCII. However, equation (2.8) gives an exact description of the 
proposed instrumentation amplifier. 
2.2.3 CMRR and bandwidth analysis 
CMRR represents the figure of merit of instrumentation amplifier and need be 
studied after taking the non-idealities of the CCCII into consideration that actually 
deteriorate it at higher frequencies. As a result of the non-idealities discussed in the above 
section the CMRR of the proposed VIA circuit will have a finite (though large) value 
instead of an ideal infinite value. The differential voltage gain of the circuit assuming a 
differential input Vd can be obtained from the equation (2,8) as 
Aj = y = \K,K,[ia,+ a,)(fi,+p,) + s{T, + T,)] (2.10) 
The common mode voltage gain can be found using a common mode input Vi = V2 = Vc 
and is given as 
Ac = y = K,K,[ia,+ a,)ifi-j3,) + siT,-T,)] (2.11) 
c 
The CMRR is thus obtained from equations (2.10 and 2.11) and expressed as: 
A,, 2[{a,+ a,){^-J3,) + s{T,-T,)] ^ " '' 
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The above equation can be simplified by expanding the transfer: gains (a, and p,. i = 1,2) 
and neglecting the product error terms (as 81, and svi are quite small) to yield the 
following expression. 
Equation (2.13) can be more conveniently expressed as 
CMRR = (^  ^/' ^n gn £y2)('^ + As) 
2{Sy2-£y,) i\ + Bs) 
where 
\^~£ ll~ £ I2~ £ y]~ S 1,2) ^\£ V2~ £ V\) 
(2.15) 
It is clear from equations (2.14 and 2.15) that the CMRR magnitude depends mainly on 
the transfer errors and more strongly on their offset from device to device (8v2 - Svi = 
Asv). The inverse dependence of CMRR on AEV suggests a high value for CMRR. 
The bandwidth of the VIA can be obtained from the expressions of Avd (eqn. 
2.10). The same is found to possess a zero and two poles. For Rxi=Rx2, one of the poles 
and the zero cancel leaving the other bandwidth (BW) deciding pole with a value: 
BW=S^^l±IiL « \ (216) 
43 
The approximation in above equation is justified as Rb (Rz/2) is mucii larger as compared 
to Rx3. If the above equation is compared with the other instrumentation amplifier 
topologies (comparison given in ref. [34]) then an improvement in bandwidth is evident. 
In all other topologies, the bandwidth depends inversely on RL that may be larger than the 
parasitic Rx3 in the proposed topology [34]. Next the CMRR bandwidth of the proposed 
instrumentation amplifier is compared with other reported works. The CMRR bandwidth 
of the Azhari topology (fA) [34] is compared with the bandwidth of proposed circuit (fp) 
as 
where index 'A' is for Azhari topology. ARx is the difference in the intrinsic resistances 
of CCC1I2 and CCCIIl and results in a bandwidth larger than the Azhari topology for 
equal bias currents of the two conveyors. Similarly the CMRR bandwidth of Wilson 
topology (fw) [given in 34] is compared with the proposed circuit as 
fp ^^  2Ag, (R(;^+2R^^)C^iy 
fw ^e.w A/?,Q 
where, the parameters with index ' W relate to the Wilson topology. Relation (2.18) 
shows that the bandwidth of the proposed circuit is more than the Wilson due to an 
inverse dependence on ARx and an increased value in the numerator (Row)- Lastly the 
proposed circuit's CMRR bandwidth is compared with Kaulberg topology [34] as 
LL~^ (^S (R^,+2R,,)C,, 
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Dependence of the ratio (fp / fK) in relation (2.19) on the current transfer error (SC3K) of 
Kaulberg's topology (which is quite small) is expected to show a smaller CMRR 
bandwidth in the proposed circuit as compared to the Kaulberg. It is to be noted that the 
CMRR expressions for the three topologies compared are given in reference [34]. 
2.2.4 Design and verification 
To validate the theory presented in above sections the VIA circuit was simulated 
using PSPICE simulation. The implementation of CCCII (both CCCII+ and CCCII-) with 
model parameters of the transistors NRIOON and PRIOON and a supply voltage of ± 2.5 
volts were used in simulation [36-38]. Typical values of the parasitic capacitance and 
resistance at X terminal (Cx and Rx) were obtained using simulations and found as 5.5pF 
and 138ohms respectively for a bias current lo = 100|iA. The same for the Z terminal (Cz 
and Rz) were approximately as 2.5pF and O.SMohms. The Rx at 10|aA was found as 
1320ohms. The circuit was designed for a differential voltage gain of 5, 10 and 20 with 
the bias currents as I03 = lOfiA, IQI = I02 = 50^A, 100|iA and 200^A respectively. The 
frequency response is shown in Figure 2.6. The simulated gains obtained for the above 
bias currents are 14dB, 19.6dB and 25dB respectively, which show good agreement with 
the designed values of 14dB, 20dB and 26dB respectively. It is easily seen from Figure 
2.6 that a constant bandwidth of 10 MHz independent of the differential voltage gain is 
obtained. This value is in conformity with the bandwidth (11 MHz) as calculated from 
equation (2.16) using the parameters obtained above. This value is quite high as 
compared to the bandwidths of the other reported instrumentation amplifier circuits using 
current conveyors [29,33,34]. 
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Figure 2.7 CMRR Frequency response of VIA 
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In the next investigations, CMRR frequency response of the proposed circuit is 
obtained for a differential voltage gain of 15. The designed values are as loi = I02 "^  
150|iA and I03 = 10|j,A. The CMRR frequency response for the proposed circuit is shown 
in Figure 2.7 The CMRR magnitude as obtained by using simulation is 147 dB for low 
frequencies and remains as high as 111 dB at IMHz. This value of CMRR of the 
proposed instrumentation amplifier is much higher than the other excellent reported 
circuits at all frequencies [29,31,33,34]. The CMRR bandwidth as obtained from Figure 
2.7 is 35KHz, which is larger than the bandwidth of Wilson and Azhari topologies 
[29,34] for a gain of 15. However the value is slightly lesser as compared to the 
Kaulberg's topology. This result is also in conformity with the theory (eqn. 2.19). 
However, the CMRR magnitude is still the largest for the proposed instrumentation 
amplifier. 
Next the circuit was simulated for its dynamic range. The input voltage V| was 
varied with V2 grounded and the output current plotted for different values of gain. A 
linear variation of output current was obtained for gains of 5 (IQI = I02 = 50|a), 10 (IQI = I02 
== 100|iA) and 20 (loi = I02 - 200^A) keeping I03 = lO^A as shown in Figure 2.8. The 
output current was found to show linear variation with dc inputs from -lOOmv to 
+100mv. However, the output current attained a saturation value of approximately 1mA 
for larger inputs. Keeping in view the low level signals this show a good dynamic range. 
Thus a number of aspects of the proposed instrumentation amplifier circuit are 
verified by attractive results. The new current controlled circuit (VIA) is expected to add 
to the number of available instrumentation amplifier topologies. 
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2.3 Controlled Amplifying Precision Rectifier (CAPR) 
Rectifiers find applications in AC voltmeters, wattmeters, RF demodulators, 
piecewise linear function generators and non-linear analogue signal processing circuits. 
Some current-mode full-wave precision rectifiers using current conveyors have been 
reported in technical literature due to the advantages offered by these circuits [85-88]. 
Most of the circuits use two current conveyors (CCII), diodes, and additional biasing 
network in form of voltage source, current source or diode bias-bridge [86-88]. This 
section introduces new precision rectifiers: one using two CCCIIs and another circuit 
using a single CCCIl with three outputs, two resistors and a pair of complementary MOS 
transistors. All the proposed circuits have high input impedance. The CCCII based 
circuits enjoy output whose amplitude is current controllable and shows good linearity for 
a wide variation of input. Performance results are included to validate the presented 
circuit(s). 
2.3.1 Two CCCII based CAPR circuit 
The CAPR with two CCCIIs, two resistors and two complementary MOS 
transistors is shown in Figure 2.9. The circuit uses CCCII(l) and R as a current controlled 
amplifier. CCCII(2) along with two complementary MOS transistors actually perform the 
rectifying action depending upon the output of CCCII(l) that act as a control voltage for 
the two MOS transistors. The amplifier formed with CCCII(l) and R is so designed to 
remain in saturation for even small input signals. Depending upon whether W^ is positive 
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v„ 
Figure 2.9 Two CCCII based CAPR circuit 
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or negative, the output of CCCII(l) is either positive or negative saturation (Vs, the 
supply voltage of CCCII) voltage respectively. 
For Vin>0, the output across R is +V, thus Mn is ON and Mp is OFF and the final output 
(the current flows through the Z+ terminal of CCCII2) Vo is positive. Next, when Vjn is 
negative, the output across R is -Vs, thus Mp is ON and Mn is OFF and the final output 
(the current flows through the Z- terminal of CCCII2) Vo is positive. In both the cycles 
the unidirectional current flows through the load RL, thus the rectifying action. Following 
equations summarize the operation. 
V,=^V,„,where,R,,=^ (2.20) 
K, > 0:V, = +Kv, K=^V.. ; ^« <0: V, = -F, , V„ = -^V,„ (2.21) 
Replacing Rx by VT/2IO2, equation (2.21) yields 
K>0:V,=-i-V„K=^^V,„ ; p^„<0:F, =-F, F„ = - ^ ^ I / „ (2.22) 
Here, VR is the output of CCCII 1, that is, the voltage across R. It is to be noted from 
above equations that for rectifying action the VR should be either at positive or negative 
saturation, which is possible if the ratio (R/Rxi) is large. This can be achieved by proper 
choice of loi and R. It is further to be noted that for a fixed load RL, the output amplitude 
can be controlled through the bias current Io2. This feature makes the circuit especially 
attractive as compared to the available precision rectifiers based on current conveyors 
[85-88]. 
2.3.2 Single CCCII based CAPR circuit 
Next, a CAPR circuit based on a single CCCII with three outputs is presented. 
The circuit is shown in Figure 2.10. The input voltage, like that in the CAPR circuit of 
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Figure 2.10 Single CCCII based CAPR circuit 
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Figure 2.9 is at high impedance Y terminal of the CCCII, which is a desirable feature for 
the voltage-mode circuits. The X-terminal resistance is current controllable with the bias 
current of CCCII as per the relation RX=VT/2IO, where, VT is the thermal voltage. The 
voltage across R is (R/Rx)V,n. For high gain (R/Rx), this voltage is either in positive 
saturation (Vs) or negative saturation (-Vs) depending on whether V,n is positive or 
negative respectively. Here, ±Vs refers to the biasing supply of CCCII. This voltage 
across R actually controls the two complementary MOS transistors (Mn and Mp). It is to 
be noted that a high but integrable value of R resuhs in saturation, thus giving ±Vs. For 
Vin>0, Mn is on (Mp is off) thus allowing the Z+ current (V,n/Rx) to pass on to the load 
(RL). For Vin<0, Mp is on (Mn is off) and Z- current (-V,n/Rx) passes on to the load thus 
inverting the negative cycle of input. Unidirectional current flows through RL in either 
case, giving rise to a full-wave rectified output. The output voltage is 
V.>0: K=^V,„ ; P : „ < 0 : K=-^V,„ (2.23) 
Replacing Rx by VT/2IO, equation (2.23) yields 
1J R 7 T R 
' m^ ^' ' o TT 'in > ' m^^' ' o r , 'in (2.24) 
Equation (2.24) shows that for a fixed value of load RL, varying the bias current (IQ) of 
CCCII can control the rectified output voltage, a feature not available in other works [85-
88]. 
2.3.3 Performance results 
The single CCCII based CAPR circuit was simulated using the implementation of 
CCCII transistor parameters of ref [37,38]. The MOS transistors used have an aspect 
ratio of (W/L)n=25/2 and (W/L)p=20/2. The input and rectified outputs are shown in 
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Figure 2.11 (a,b) with an input amplitude of lOmv and frequency 5KHz. The bias current 
of CCCII is taken as lOO i^a, R=50Kohms and RL=150ohms. Next, the magnified zero 
crossing is shown in Figure 2.12 that shows little distortion at the zero crossing. The 
linearity of the proposed circuit is given in Figure 2.13 by applying DC input. The resuh 
shows good linearity and equal swing in both directions for a variation of input 
amplitude. Next, the most important feature of the presented circuit(s) was also verified 
through simulation. The novel feature of providing a controlled (amplified as well) 
rectified output for a given value of load (RL) was verified by varying the bias current IQ 
of the multiple output CCCII of Figure 2.10. The average rectified output (Vdc) variation 
with the bias current is shown in Figure 2.14 giving nearly one-decade change in output 
for an equal change in bias current. This electronic tunability of the rectified output 
makes the circuit especially attractive as compared to the other reported works and verify 
the theory presented in the previous sub-sections. 
2.4 Current Controlled Current Differencing Buffered Amplifier 
A Current Differencing Buffered Amplifier (CDBA) was described in Chapter 1 as 
one of the relatively new active element that enjoy the current conveying property of 
current conveyors (with difference inputs) and an output voltage buffer, a feature of 
current feedback operational amplifiers. The CDBA offers finite P and N terminal 
resistances that pose problems in circuit realizations [39]. These resistances can be 
externally current-controlled as an advantage to give rise to a new current controlled 
CDBA (CCCDBA). The following sections describe the new active element, its 
implementation in bipolar technology and its performance study. 
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Figure 2.11 (a) Input and (b) output waveforms of Figure 2.10 
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2.4.1 New CCCDBA description 
The symbol of the new proposed active element is shown in Figure 2.15a and is 
characterized by the following matrix relationship. 
V, = /,/?,; V„ = I„R„; L = / , - /„; V^ = V, (2.25) 
Here, the input terminals (P and N) offer a finite resistance Rp and Rn respectively which 
can be current-controlled by the bias current of the CCCDBA. The bipolar 
implementation of the proposed CCCDBA is shown in Figure 2.15b. The circuit consists 
of mixed translinear loop realizing the input terminals with ground potential. The mixed 
loop is dc biased by IQ using the current mirrors (transistors 7,9, 11-13). The output Z-
terminal generates the current difference between input terminals. Finally the output 
buffer W produces a voltage equal Vz. The Rp and Rn are given as VT/2IO [18]. Thus, the 
bias current of the CCCDBA can control these resistances. It is to be noted that the Z 
terminal current (Iz) is taken to be positive for the shown direction in Figure 2.15a. It is in 
contrast to the conventional current of a CDBA described in Chapter 1. It is further to be 
noted that the current sources used for biasing the buffer stage can also be replaced by 
two transistor mirror and a steering transistor to obtain the necessary Ij thus making the 
circuit IC compatible. 
2.4.2 Performance results of CCCDBA 
The proposed current controlled current differencing buffered amplifier of Figure 
2.15b is simulated using NRIOON and PRIOON transistor parameters with a supply 
voltage of ±2.5volts [38]. The short circuit current gain of the CCCDBA is measured for 
the bias current Io=100^a. The resulting frequency response is given in Figure 2.16a 
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Figure 2.16b Frequency characteristics of buffered output 
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showing a bandwidth of nearly 35MHz. Next the frequency characteristics of the 
buffered output is measured with a load of IKohms at the Z-terminal. The bandwidth as 
obtained is approximately 35MHz as shown in Figure 2.16b. The frequency response 
with changing the bias current is also studied. The short circuit current gain bandwidth is 
found to drop to 15MHz at a bias current of Io=10^A. Similarly, the buffered output 
bandwidth is also found as 15MHz at Io=10nA. Some of the other characteristics of the 
CCCDBA are summarized in Table 2.1. The tabulated results show a good current 
transfer, voltage transfer, controllable P and N terminal resistance, low output resistance 
at the W- terminal and a nominal value for power dissipation. It is to be noted that the 
given power dissipation is for Ii value of 0.5mA. 
Table 2.1: Characteristics of CCCDBA 
Bias Current —> 
Parameter | 
Iz/(Ip-In) 
(Vw/V,) 
Rp, Rn (ohms) 
R^  (Mohms) 
Rw (ohms) 
Power Dissp. (mW) 
Io= lOnA 
0.99 
1.0 
1340 
2.3 
33 
6 
Io=100nA 
0.99 
1.0 
140 
0.4 
33 
8.7 
_ 
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Next, the tuning aspect of the CCCDBA is studied. The variation of port (P and 
N) resistance with the bias current of CCCDBA is shown in Figure 2.17 that shows a 
wide variation and good agreement with the theoretical value obtained using VT / 2Io. 
Further simulations are carried out to measure the total harmonic distortions 
(THD) at the output terminal (Z) by injecting sinusoidal currents of lOOKHz to the P and 
N inputs. Ip amplitude is kept as 0.1mA and In is varied so as to obtain the THD results as 
given in Table 2.2. 
Table 2.2: THD at Io=100^A for lOOKHz sinusoidal inputs (Ip=0.1mA, In varying) 
In (mA) 
THD (%) 
0.2 
0.33 
0.5 
0.47 
0.8 
0.61 
1.0 
0.69 
2.0 
0.70 
5.0 
1.08 
The above table shows a low value of THD for wide variation in input amplitude. 
The dependence of THD on input signal frequency and the bias currents is also given in 
Table 2.3, which also show a good THD performance 
Table 2.3: THD for varying bias current at two different frequencies 
lo i\xA): 
THD(%) at 
lOOKHz: 
THD(%) at 
IMHz: 
10 
0.96 
1.9 
100 
0.76 
0.73 
200 
0.46 
0.60 
500 
0.26 
0.40 
1000 
0.13 
0.27 
From the simulated responses along with the tabulated results, it can be concluded that 
the proposed CCCDBA besides enjoying wide current controllability also exhibit wide 
bandwidth, good current and voltage transfers till frequencies in order of tens of MHz, 
low THD, nominal power dissipation and good dynamic range. The new versatile current 
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controlled amplifier is expected to show promising results and applications to be 
introduced in Chapter 6. However, some typical applications are also discussed below. 
2.5 Basic Amplifier Topologies Using CCCDBA 
2.5.1 Controlled differential voltage amplifier 
The CCCDBA can be used as a differential voltage amplifier by connecting inputs 
at P and >J terminal and temnmating Z with a ioad. The otitptit is obtained at the buffeied 
W-terminal. The circuit is given in Figure 2.18a. However, the input resistance of the 
amplifier depends on the bias current. The output is related with inputs as: 
K=-Ri.i^-^) (2.26) 
The gain of the differential voltage amplifier can be controlled through the bias current of 
the CCCDBA (lo), thus making the circuit amplifier current controlled. 
2.5.2 Controlled differential transconductance amplifier 
Current controlled differential trans-conductance amplifier is realized if the output 
is taken at the current terminal Z, with a controllable trans-conductance gain (through the 
bias current). The amplifier topology is given as Figure 2.18b. The current output is at 
high impedance that is desirable. However, the input resistance depends on the bias 
current of the CCCDBA. The output is related to inputs as: 
V V 
L,=-(Y-J-) (2.27) 
The transconductance can be controlled through the bias current (!„) of the CCCDBA. 
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Figure 2.18 CCCDBA based amplifier topologies 
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2.5.3 Current differencing amplifier 
The CCCDBA can also be used as current differencing amplifier as per its basic 
definition; however, the gain control then requires either changing the transistor areas 
(those realizing Z-terminal) or some other gain control techniques [40-41]. The topology 
is given as Figure 2.18c. The output current is desirably at high impedance. The input 
output relation in this case is simply Iz=(Ip-In). 
2.5.4 Differential transrsistance amplifier 
Lastly, if Z is terminated with a load (RL), the input being currents, the output at 
W is a voltage resulting in a trans-resistance amplifier. This topology is shown in Figure 
2.18d. The voltage output in this case is desirably at low output resistance. The output is 
related to inputs as: 
f; = - ( / . - 4 ) ^ . (2-28) 
2.6 Concluding Remarks 
The chapter introduced current controlled summing, difference and versatile 
instrumentation amplifier circuits using current controlled conveyors only. A detailed 
non-ideal study and performance verifications confirmed the practical utility of the 
proposed circuits. Two current controlled amplifying precision rectifiers employing 
current controlled conveyors, resistors and MOS transistors were introduced and shown 
to exhibit good results including zero crossing distortion, precision fiall-wave rectification 
and most importantly current controllable output. A new current controlled active 
element, current controlled current differencing buffered amplifier was proposed and its 
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characteristics: frequency response, bandwidth, THD and current controllability were 
verified through simulations. Four basic amplifier topologies based on the new current 
controlled active element were also introduced. The circuits presented in the chapter are 
all suited for IC implementation and are expected to have useful applications in analogue 
signal processing. 
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CHAPTER- 3 
NOVEL FIRST ORDER ALL-PASS SECTIONS 
All - pass filters are an important class of analogue signal processing circuits that 
modify the phase response of a signal keeping its amplitude constant at all frequencies. 
Ever since the introduction of current conveyors, the realization of first order all-pass 
filters operating in voltage-mode has attracted several researches [42-49]. Some current-
mode circuits have also been reported in the literature [50-52]. In the literature, efforts 
have been made to obtain the function using a single active element, reduce the passive 
component count, eliminate matching/critical-matching conditions and employing 
grounded capacitor(s). 
In this chapter' novel voltage as well as current-mode all-pass sections (APSs) are 
proposed. The circuits are based on CCII, CCIII and CCCII. Section 3.1 presents a single 
ecu based all-pass section (APS-1) with three passive components [P4]. Translinear 
conveyor version employing one CCCII and two passive components named APS-2 is 
also proposed [P4]. Section 3.2 presents single CCII based circuit (APS-3), its single 
CCCII based version (APS-4) and a two CCCII based translinear-C version (APS-5). 
Section 3.3 is devoted to transIinear-C all-pass circuits (APS-6, APS-7) that enjoy 
electronic tuning and an active-C realization [P5]. Section 3.4 presents some single 
CCIII based circuits that are first of its kind using the relatively new device [19,20]. Two 
voltage mode circuits (APS-8 and APS-9) and four current-mode circuits (APS-10 to 
APS-13) are proposed [P6, P7]. All the thirteen APSs are studied for the non-idealities of 
The material presented in the chapter is based on Authors' papers [P4], [P5], [P6], [P7]. 
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the used active elements and sensitivity performance. Design and verifications are also 
given to confirm the validity of the presented circuits. The chapter concludes with section 
3.5, which sums up the presented circuits. 
3.1 Single CCII Based Voltage-mode All-Pass Section (APS-1) 
3.1.1 Circuit description 
The single CCII based all-pass section (APS-1) employing two passive resistors 
(Ri, R2) and a capacitor (C) is shown in Figure 3.1. The circuit is based on an inverting 
amplifier comprising a CCII-, and the two resistors with a feedback capacitor. At low 
frequencies the circuit has a gain of-1 (C looking open), which changes to +1 at higher 
frequencies (C looking short). Routine analysis of the circuit using the port relation of a 
CCII- yields the following voltage transfer function. 
1_ 
V I 
with Ri=R2=R, the equation (3.1) reduces to 
1 
-^ = ^ (3.2) 
'" S + 
RC 
The above equation gives the standard first order all-pass transfer function with pole 
©0=1/RC. 
3.1.2 Translinear conveyor version of the circuit (APS-2) 
The proposed APS of the above subsection is easily compatible for realization 
using a translinear conveyor [18]. The resulting circuit (APS-2) as shown in Figure 3.2 
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Figure 3.1 Single CCII- based APS (APS-1) 
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Figure 3.2 Translinear conveyor based circuit (APS-2) 
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uses only one resistor and one capacitor besides a translinear conveyor giving rise to a 
minimal voltage-mode realization of all the available circuits [42-49]. The voltage 
transfer function using the port relationship for a translinear conveyor is given as 
1 
s 
V RC 
^ = ^ (3.3) 
•" s + 
RC 
Where, Rx is the intrinsic X-terminal resistance of the translinear conveyor that is current 
controlled as per VT/2IO [18]. With Rx=R, the equation (3.3) reduces to equation (3.2) 
realizing a first order APS. The matching required is not difficult as Rx can be controlled 
through the bias current of the translinear conveyor. 
3.1.3 Non-ideal effects 
A non-ideal CCII or CCCII is characterized by a voltage transfer gain fi-om Y to 
X as P and current transfer gain firom X to Z as a. There are parasitic port impedances as 
discussed in Chapter 2 at section 2.1.2. Taking into account these non-idealities, the non-
ideal voltage transfer function for APS-1 becomes: 
^ = ( ^ - ) ^ J ^ (34) 
Here, Rp = R2 Rz / (Ri+Rz) and Cp = (C + Cz), where, Rz and Cz are parasitic resistance 
and capacitance respectively, between port Z and ground. Next, the non-ideal voltage 
transfer function for the APS-2 is analyzed and found same as equation (3.4) with the 
difference that Rp=RRz/ (R+Rz). It is evident that the pole-coo and the fiher gain get 
affected as a result of the non-idealities. 
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3.1.4 Sensitivity study 
The incremental pole-coo and gain sensitivities to active and passive components 
for both the APS-1 and APS-2 are analyzed and foxmd within unity in magnitude that 
represents a low value. Thus the circuits enjoy good sensitivity performance. 
3.1.5 Design and verification 
The APS of Figure 3.2 described in above section was simulated using the CCCII 
implementation with NRIOON and PRIOON transistor parameters with a supply voltage 
of ±2.5 volts [37,38]. The phase shifter circuit was designed with C=lnF, and lo=10)aA. 
The value of R was taken as 1350ohms. The gain and phase response is shown in Figure 
3.3. A phase shift of 90° is obtained at llSKHz, the pole-coo. A constant unity gain is 
obtained at all frequencies whereas; the phase varies from 180° to 0°. Thus the proposed 
APSs of section 3.1 are verified. 
3.2 Versatile All-Pass Sections 
A new versatile APS (APS-3) employing a single CCII-, one capacitor and two 
resistors is proposed that requires a simple resistive matching. Translinear conveyor 
version of the APS (APS-4) is also given which eliminates one resistor thus requiring one 
CCCII-, one capacitor and one resistor. The matching condition for all-pass realization 
can be obtained by electronic control of the bias current of CCCII-. A fully electronically 
tunable translinear-C APS is also obtained by replacing the resistor with another CCCII-, 
thus resulting in a circuit (APS-5) with two CCCII- and one capacitor with electronic 
control. CCCII based circuit is of special interest because of growing recent popularity of 
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Figure 3.3 Gain and phase response of APS-2 of Figure 3.2 
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the device for realization of electronic functions The proposed circuits can be operated 
both in voltage mode as well as current mode thus making it more versatile. 
3.2.1 Circuit description (APS-3 to 5) 
The circuits for the new APS (APS-3) based on single CCII-, its translinear 
conveyor version (APS-4) and the fully tunable Translinear-C version (APS-5) are shown 
in Figure 3.4. The CCII- based APS-3 circuit is analyzed for the transfer function (both 
voltage as well as current) as: 
s - ( ) 
T{s) = ^'^ ^ ^ '^ (3.5) 
s + 
With R2 = Ri/2, equation (3.5) reduces to 
1 
.s 
T{s) = - ^ (3.6) 
s + 
Equation (3.6) is the standard first order all-pass transfer function. If the circuit is 
operated in voltage mode T(s) = VQA ,^ and if operated in current mode, T(s) = lout/Im- The 
APS of Figure 3.4a has its translinear conveyor version as shown in Figure 3.4b. The 
resulting circuit employs a single translinear conveyor (current controlled conveyor: 
CCCII-), one capacitor and one resistor. The transfer function of the resulting APS-4 is 
given as: 
_^.J 1_ 
r(.) = l A £ _ ^ (3.7) 
RC 
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Figure 3.4 Versatile APS circuits: 
(a) APS-3, (b) APS-4, (c) Translinear-C APS-5 
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Here Rx is the intrinsic resistance of the X terminal of the translinear conveyor that can be 
controlled by the bias current of the conveyor by the relation Rx = VT/2IO, VT being the 
thermal voltage. 
With Rx = Ry2, equation (3.7) becomes 
1 
s 
7(5) = ^ (3.8) 
s + 
RC 
The condition required to obtain equation (3.8) can easily be obtained by controlling 
the bias current of the conveyor. Next, a fully tunable APS is derived from Figure 3.4b by 
replacing the resistor R with another CCCII-, The resulting APS-5 circuit as shown in 
Figure 3.4c, thus requires no resistor and give rise to a translinear-C APS. The condition 
required for the realization of the all-pass transfer function is loi = 2 Io2 that can be easily 
satisfied by controlling the bias currents of the two CCCII-s. It is to be noted that all the 
three versions of the APS (Figure 3.4) can be operated either in voltage-mode or current-
mode without changing the circuit configuration. 
3.2.2 Non-ideal study 
The translinear-C APS-5 of Figure 3.4c is analyzed for the non-idealities of 
CCCII, mentioned in section 3.1.3 to yield the voltage and current transfer functions as 
,-l(^_A) 
^=(l + 7f) ^. ^'\ ^'\ (3.9) 
^' ^ s + — - — ( — + - ^ ) 
1 .«•/?, A 
CRx2 
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(3.10) 
Here, Rp is the parasitic Z-terminal resistance of CCCIIl (Rzi) and Cp is'tCzi+Cx2). It is to 
be noted that these parasitics do not appear in current mode transfer function as the Z-
terminal of CCCIIl is grounded. The active and passive sensitivities of pole-ooo and filter 
gain (for voltage-mode function) are analyzed and found within unity in magnitude. Thus 
the APS enjoy good sensitivity performance. 
3.2.3 Design and veriHcation 
The fully tunable APS-5 of Figure 3.4c was designed for a phase shift of 90° at 
llOKHz. The designed values were as C = 0.01 |af, loi = 200^A, W = 100)iA. The 
frequency response for the voltage-mode circuit showing the gain and phase is given in 
Figure 3.5a and is in conformity with theory. Electronic tuning aspect of the translinear-C 
APS is shown in Figure 3.5b where the phase response for varying bias current is given. 
It is to be noted that for the design of a 90° phase shifter as above, the frequency is varied 
from 58KHz to 200KHz for a variation of loi from 100|aA to 400|aA with a step of 
100|iA (Io2 vary from 50|aA to 200|iA with a step of 50^A). 
Next, the translinear - C APS-5 was tested by applying a sinusoidal input of 
IMHz with C=lnF and the THD measured at the output. The variation of THD (%) with 
the amplitude of input signal for the APS-5 is shown in Figure 3.6a and 3.6b for both 
voltage and current-mode operation respectively. The THD is found low (within 1%) for 
a wide amplitude variation both for the voltage-mode and current-mode operation. This 
fiirther emphasizes the utility and versatility of the proposed translinear-C all-pass 
section. 
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Figure 3.5b Electronic tuning of APS-5 
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Figure 3.6b THD variation for current-mode operation of APS-5 
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3.3 Translinear-C Current-mode All-Pass Sections 
Translinear conveyors have recently gained popularity because these devices 
provide electronic tunability to the realizations. Resistor-less realizations can be obtained 
by employing translinear conveyors (also called current controlled conveyors) as these 
devices have controllable X-terminal resistance [18, 36, 37, 53]. Translinear-C circuits 
employ only translinear conveyors and capacitors. Some first order filter sections were 
reported in technical literature employing translinear conveyors and capacitors [36]. 
However, as a first attempt (at the time of reporting), translinear-C first order all-pass 
section is introduced in this section. 
3.3.1 Circuit description (APS-6 and APS-7) 
The proposed first order current-mode (CM) circuit with two CCCll- and a 
capacitor (APS-6) is shovra in Figure 3.7a. The routine analysis of the circuit yields the 
following current transfer fiinction. 
1_ 
r 
(3.11) 
^oul 
I 
s 
1 
s + 
i?_j.,C 
Where Rxi and Rx2 are the intrinsic resistance of the conveyors, controllable by the bias 
currents loi and Io2respectively. With loi = Io2= lo equation 3.U becomes 
1 
s 
^ = — ^ (3.12) 
' s + 
Equation (3.12) shows that the circuit of Figure 3.7a realizes a first order current mode 
all-pass filter. It is to be noted that the CCCIIl in APS of Figure 3.7a is used as a 
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Figure 3.7b Translinear-C current mode APS -7 
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grounded resistor and can be eliminated by using a dual output CCCII-, in place of 
CCCIIl. The resulting circuit (APS-7) as shown in Figure 3.7b requires only one dual 
output CCCII- and a capacitor, thus giving rise to a canonical APS. The current transfer 
function for the APS-7 of Figure 3.7b is same as equation (3.12). As only one CCCII is 
employed, no matching is required as compared to the circuit of Figure 3.7a and the 
circuit is a canonical structure. Moreover, the circuit APS-7 enjoys the electronic tuning 
as\t\APS-6. 
3.3.2 Effects of non-ideal CCCII-
The proposed APS-6 and APS-7 are analyzed taking into account the non-
idealities of a CCCII-. These are as a result of non-ideal current transfer (from X to Z) 
and voltage transfer (from Y to X) a and P respectively. Moreover, the finite equivalent 
impedance between port Y and ground (RY // Cy) and shimt output impedance on port Z 
(Rz // Cz) also contribute to the non-ideal effects [36]. Taking these effects into 
consideration the non-ideal current transfer function for both the circuits of Figure 3.7a 
and 3.7b is found as: 
ap 
^oul ' C ^ '-
C + Cpj 
s + — 
^ (3.13) 
Where Cp = Cy + Cz and Rp = Ry // Rj. 
For a practical CCCII Rp » Rx , C? « C, and the transfer ratios (a and P) are 
unity for frequencies till tens of MHz, thus equation (3.13) reduces to the ideal current 
transfer function of equation (3.12). 
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3.3.3 Sensitivity study 
The incremental sensitivities of pole-cOo to active and passive components for the 
two APSs described by the non-ideal transfer fUnction of equation (3.13) are analyzed 
and found as: 
(^PRp c'O" ^\' C'OO C 
"^  "'^ aPR, + R, "' a/3Rp + R/ ^-'' C + C, 
Similarly the sensitivity of filter gain H=C/(C+Cp) to active and passive components is 
given as: 
S".cp--^^Kfl,R.=^ (3.15) 
It is evident from equations (3.14) and (3.15) that all sensitivity values are within unity in 
magnitude hence the proposed current mode all pass circuits enjoy attractive sensitivity 
performance. 
3,3.4 Design and verification 
The CM APS-6 and APS-7 were verified using PSPICE simulation. CCCII is 
simulated using NRIOON and PRIOON transistors with a supply of ±2.5volts [37,38]. The 
APS-7 of Figure 3.7b was designed for a phase shift of 90° at lOOKHz. The designed 
values were as C = 12nF and IQ = lOO^A. The simulation results for the frequency 
response are shown in Figure 3.8. The output current of the APS differs from the input ac 
current (li = 100|iA) no more than 1% for all frequencies. The phase at the designed 
frequency (90° at lOOKHz) is in error by the designed value by 1%. Time domain 
waveforms of the input and output currents are also shown in Figure 3.9 for the above 
' Incremental Sensitivity defined in Appendix A2 
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Figure 3.8 Output current and phase of Translinear-C APS-7 
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Figure 3.9 Iiput and output waveforms for APS-7 
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at the output. Figure 3.10 shows the dependence of THD (dB) on the input current signal 
level for the designed values as given above (IQ = lOOfaA). The THD is found low, i.e. 
within -40 dBs (1%) for input currents (peak to peak) as high as 2.6 times the bias 
current of the conveyor. However, the THD increases to a value of -23dBs (7%) for an 
input current 1mA peak to peak (10 times the bias current). Figure 3.11 next shows the 
pole-coo tuning with IQ. The shown variation of fo, (the pole frequency) is the one at 
which the APS shifts the phase of the input signal by 90deg. It can be seen from the 
Figure 3.11 that a wide variation (IKHz to IMHz) with the bias current (l)aa to lOOOfaa) 
is obtained for C=12nF. Thus the APS can be electronically controlled over a wide 
frequency range just by varying the bias current of the translinear conveyor. It is to be 
concluded that the new canonical current-mode APS (APS-7) enjoys attractive frequency 
response, transient response, low distortions and wide tunability with the bias current.. 
3.4 Single CCIII Based All-Pass Sections 
3.4.1 Voltage-mode circuits (APS-8 and APS-9) 
The first of the proposed voltage-mode all-pass section using CCIII is shown in 
Figure 3.12. The circuit (APS-8) uses a single CCIII, one capacitor and three resistors. 
Routine analysis of the circuit using the port relationship of CCIII (given in Chapter-1) 
yields the following voltage transfer function. 
1 
s 
V RC 
F = ^ ^ (3.16) 
Where, K=R2/(R2+R3), and a = (Ri+R3)/(R2+R3). With Ri=R2=R, equation (3.16) reduces 
to 
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Figure 3.11 Pole frequency tuning with bias current for C=12nF 
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Figure 3.13 Single CCIII- based APS-9 
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1 
~^ = K ^ (3.17) 
' s + — 
RC 
From equation (3.17), it is evident that the circuit realizes a first order all-pass section 
with gain K (<1). 
Another all-pass section (APS-9) is next given in Figure 3.13. The circuit can be 
derived from the APS-8 by reducing R3=0, which results in K=l. The APS-9 thus 
employs only one capacitor and two equal value resistors. Circuit analysis yields the 
following first order all-pass transfer function as: 
1 
(3.18) K_ RC 
V 1 
' s + — 
RC 
Equation (3.18) shows that the circuit APS-9 realizes first order all-pass filter with unity 
gain under the condition Ri=R2=R. 
3.4.2 Current -mode circuits (APS-10 to APS-13) 
Some current-mode first order all-pass filters have been reported in technical 
literature employing current conveyors and FTFNs [50-52]. Here, two current-mode 
novel general structures employing a single CCIII (+ or -) and two passive elements are 
proposed. The novel circuits with one active and two passive elements represent minimal 
all-pass structures. Each general structure can realize two different APSs with 
appropriate selection of passive elements. The general APS structures are shown in 
Figure 3.14a and b. Routine analysis of the structures yield the same current transfer 
function as: 
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Appropriate 
Choice 1:Y 
choice of Yi and Y2 yields the following: 
i = sC, Y2=l/R: 
1 
_. ^ RC 
1 
s + — 
RC 
(3.19) 
(3.20) 
Choice 2: Y, = 1/R, Y2 = sC: 
1 
, s 
L ^ RC 
I 1 
RC 
(3.21) 
Equations (3.20) and (3.21) show, that different choices give APS with different phase 
response. Thus four distinct APSs (APS 10-13) are realized, two from each configuration, 
and are shown in Figures 3.15 and 3.16. Current-mode APS-10 and APS-12 are described 
by eqn. (3.20), whereas CM APS-11 and APS-13 by eqn. (3.21). 
3.4.3 Effects of non-ideal CCIII 
The defining equation of a non-ideal CCIII is as: 
iy=-yi.,V,^aV^,i, = ipP)i, (3.22) 
where, p=l for CCIII+, and p=-l for CCIII- and y = (1-ki), a = (l-kz), p = (l-ka). k, , 
i=l-3 are the transfer errors. The voltage transfer gain 'a' , the current transfer gains y 
and p differ from unity by their transfer errors. The voltage-mode circuit of Figure 3.13 is 
analyzed for the non-ideal transfer function as: 
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aj5 
Y^J RC (3.23a) 
V 1 
' s + 
RC 
Next, the current-mode APSs of Figures 3.15 and 3.16 are analyzed for the non-ideal 
transfer functions as 
APS-\Q: ^^-P f^ (3.236) 
4 J + ( Q , ^ ) _ 
APS-W: ^ = ^ (3.23c) 
^'» •s + ( l / a x ) ^ 
APS-n-. i ^ = - ( ^ ) ^ (3.23ci) 
APS-\y. ^= ^ (3.23e) 
3.4.4 Sensitivity study 
The incremental sensitivities of the pole-coo to active and passive elements for the 
VM- APSs are analyzed and found within unity in magnitude that represents a low value. 
The same for the four CM-APSs are also analyzed and given in Table 3.1. From the 
above table it is concluded that all active and passive sensitivities are within unity in 
magnitude for all the CM-APSs. Thus the circuits enjoy attractive sensitivity 
performance. Moreover, the ideal as well as non-ideal transfers functions show that the 
poles of all the APSs always lie in the left half of s-plane thus making the circuit 
unconditionally stable. 
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Table: 3.1 Sensitivity figures for CM APSs 
Circuit 
APS-10 
APS - 11 
APS-12 
APS-13 
s:° 
1 
-1 
-1 
1 
5;° 
1 
-1 
-1 
1 
0 
0 
0 
0 
-1 
-1 
-1 
-1 
s^ 
0 
0 
0 
0 
5' ' r 
0 
0 
-1 
0 
1 
0 
1 
0 
0 
0 
0 
0 
3.4.5 Design and verification 
The proposed APSs were verified using SPICE simulations. The CMOS 
implementation of CCIII was used in simulation with ± 5 volts supply and 2|.i CMOS 
parameters [20]. The circuit of APS-10 was designed for a -90° phase-shift at lOOKHz. 
The designed values were as C = InF and R = 1.59K. The simulated results for the 
frequency response are given in Figure 3.17a and verify the circuit. Similarly a phase 
shifter was designed using the APS-11 for a 90° phase-shift at lOOKHz. The designed 
values of components used were same as above. The frequency response showing gain 
and phase plots are shown in Figure 3.17b and verify the circuit. 
Next, the transient response of APS-11 designed as a phase shifter was studied. 
The designed values were as C = InF and R = 1.59K. A sinusoidal current input of 
O.lmA peak at lOOKHz was applied to the CM APS-6 and the output current obtained 
with the desired phase shift of 90°. The results for the transient response are shown in 
Figure 3.18. The practical utility of the circuit is further studied by measuring the total 
harmonic distortions (THD) as a fimction of input amplitude. The THD results for the 
APS-6 with the above designed values are given in Figure 3.19 and shows that the low 
level input currents of amplitude till 1 lO i^A (220|aA peak to peak) results in THD values 
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less than 1%. Thus the transient response and low THD results confirm the practical 
utility of the proposed circuits. 
3.5 Concluding Remarks 
The chapter introduced thirteen novel first order all-pass filters (APS 1-13) 
employing different active elements. One single CCII based voltage-mode circuit with 
three passive components was introduced and also realized with a CCCII with only two 
passive components. A versatile all-pass filter circuit with one CCII and three passive 
components was presented which could be operated either in voltage-mode or current-
mode without changing the circuit configuration. It was also shown realized with one 
CCCII and two passive components with electronic tunability. The same was next 
reduced to a fully tunable translinear-C circuit with two CCCIIs and one capacitor. Next, 
one current-mode translinear-C circuit using two CCCIIs and one capacitor and another 
circuit with only one dual output CCCII and a capacitor were introduced that enjoyed 
electronic tunability. Translinear-C circuits for first order all-pass filters were also first of 
its kind not attempted earliar in otherwise valuable literature [36, 42-52]. Two voltage-
mode and four canonical current-mode all-pass filters using single CCIII were proposed. 
Voltage-mode circuits employed three/four passive components whereas, the current-
mode circuits with only two passive components were canonical. CCIII based APSs were 
first of its kind using this acfive element [19-20, 42-52]. The proposed first order all-pass 
circuits were verified using the simulations. These first order all-pass sections are 
expected to be useful as phase shifters, phase equalizers, and in realizing quadrature 
oscillators in communications and analogue signal processing applications. 
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CHAPTER 4 
REALIZATION AND STUDY OF 
TRANSLINEAR-C FILTERS 
Active filters are an important class of signal processing circuits used in 
communication and instrumentation systems. The utility of current conveyors for the 
purpose was explored a long back [55-58]. Realization of Active-RC filters then became 
a subject of extensive research and a number of circuits operating in voltage mode were 
reported [59-66]. However, the current-mode biquadratic filters also received a 
considerable attention due to their large bandwidth, wider dynamic range, simple 
circuitry, greater linearity and low power consumption [67-74]. Most of these reported 
filters (either voltage or current mode) were universal or multifunction filters providing 
different functions with the same topology. More recently, with the advent of current 
controlled conveyors (CCCII), also referred as translinear conveyors due to their basic 
construct, the impetus has been on realizing filters using these conveyors and capacitors. 
It is mainly due to their inherent tunability that was not a feature of CCIIs. Thus 
translinear - C filters have become popular as these do no require chip area consuming 
resistors and provide electronic tuning to filter parameters which is important especially, 
if the circuit is to be implemented in IC form. A number of translinear-C filter circuits 
have thus been reported in technical literature [75-84]. 
This chapter' presents four novel current-mode translinear-C universal biquadratic 
filters (UBFs) that offer simplicity in implementation, versatility by providing a number 
A part of this chapter is based on Authors' papers [P8], [P9], [C2]. 
99 
of filter functions from the same topology and suitability to realize higher order filters by 
simple cascading without additional buffers. The voltage-mode (and mixed-mode in 
some cases) operation of the circuits is also examined. All the circuits are studied for 
CCCII non-idealities and the sensitivity performance. SPICE simulation results are 
included to verify the proposed UBF circuits. Section 4.1 presents UBF-I using two 
Cecils and two grounded capacitors [C2]. Section 4.2 proposes UBF-II with three 
Cecils and two grounded capacitors [P8]. Besides the current-mode operation, voltage-
mode operation of the circuit is also presented. Another universal biquadratic filter 
(UBF-III) is given in section 4.3 [P9]. It is based on four CCCIIs and two grounded 
capacitors. The circuit can be operated in current, voltage, and mixed mode, thus making 
it more versatile. Section 4.4 is devoted to UBF-IV with four CCCIIs and one CCCII 
used as current follower to sense the capacitor current. Voltage-mode operation of the 
circuit is also described that requires four CCCIIs. The performance features of the 
presented UBFs are compared in section 4.5. Section 4.6 is devoted to the realization and 
study of higher order filters using the modular approach that employs the UBFs and the 
digital switching circuitry. Section 4.7 presents the case studies on actual realization of 
the sixth order filters using the modular approach. Concluding remarks are given in 
section 4.8. 
4.1 Universal Biquadratic Filter I (UBF-I) 
4.1.1 Circuit description 
The first of the universal biquadratic filter-I (UBF-I) requires only two CCCIIs, 
one with four outputs and the other with two outputs. The number of capacitors used is 
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two, both in grounded form, suited for IC implementation. This low active and passive 
component count is minimum when compared to available current controlled conveyors 
based multifunction / universal filters [75-77, 79-82,84]. The circuit of UBF-I is shown in 
Figure 4.1. The core of the circuit is a new non-ideal inductor formed by two CCCIIs and 
capacitor C2. The impedance realized looking into the port Y of CCCIIl realizes an 
inductor (Lcq=RxiRx2C2) in shunt v^ dth Rxi. Shunting it with CI completes the RLC 
resonator. The circuit analysis yields the following current transfer functions. 
L D{s) ' I,„ D(s) ' /,„ D(s) 
Dis) = s'+s/R^,q+U R,,R,ACj (4.1) 
From equation (4.1) it is seen that inverting low-pass, inverting band-pass and non-
inverting band-reject filters are realized at the three outputs. Non-inverting High-pass is 
obtained just by cormecting high impedance outputs ILP and IBR- Similarly, non-inverting 
all-pass is realized by connecting IBP and IBR. These two outputs are as 
i2^ = - i L / . . _(^'-^/i?..C,-H/i?„J?,,C,Q) 
I. D(s)' /,„ D(s) ^ • ^ 
It is to be noted that input current Ijn need be injected at two nodes for realizing the three 
transfer functions given in equation (4.1). Filter parameters namely natural angular 
frequency, bandwidth and quality factor are given as; 
CO - . ^ ^ = - i _ n = A l £ . ,4,^ 
" ^K,R,,QC, ' Q R,,cr^ iR,,C, ^^-^^ 
It is to be noted that filter parameters namely, angular frequency and quality factor can be 
controlled by varying the bias current of CCCIIs. Pole-frequency can be varied 
independent of pole-Q by varying both the bias currents as Ioi=Io2. 
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4.1.2 Non-ideal analysis 
The non-ideal current transfer functions for the UBF-1 are given as: 
L D{s) ' /,„ "^ ' D{s) ' 
/„ D(s) 
D{s) = s' + a,,fi,s I R,,C, + an«2,AA / R.^R.2C,C, (4.4) 
The non-ideal filter parameters are as 
The pass-band gains are: 
\H,,\ = • ^ , \H,,\ = ^ , |//,,| = 1 O/a,, = a„) (4.6) 
In equations (4.4)-(4.6), ay is the current transfer of ith CCCII at the jth output. For 
CCCIIl, j=l-4, whereas, for CCCII2 j=l-2. These are shown numbered in Figure 4.1. 
4.1.3 Sensitivity study 
The active and passive sensitivities of filter parameters are analyzed and found 
within unity in magnitude that shows good sensitivity performance of the UBF-I. The 
same is justified from the sensitivity figures given below. 
^«:,.«..c,.c, = -Sl^,c, = 5j,.c, = - , 5:°„ ,^.;,,.^ , = Sl^_p^ = -Sl^p^ = ^  (4.7a) 
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4.1.4 Design and verification 
The current mode multifunction filter circuit is verified using PSPICE simulations 
using the bipolar implementation of multiple outputs CCCII with device parameters of 
transistor NRIOON and PRIOON [37,38]. The circuit is designed for Q=l and pole 
frequency of 112KHz. The design values are as Ci=C2=lnF, Ioi=Io2=10^a. The all-pass 
frequency response showing gain and phase plots are shown in Figure 4.2 that shows a 
constant unity gain and a frequency dependent phase of the output. It is to be repeated 
here, that all-pass response is obtained just by shorting outputs IBR and IBP. 
The THD for the high-pass output are next measured by injecting the input 
current of frequency IMHz for the above design values. The THD for input amplitudes 
from 0.01mA to 0.1mA are within 0.5% and increases to 1% at an amplitude of 0.2mA. 
Thus the THD is low till input signal amplitude, which are twenty times the bias currents 
(the bias currents Ioi=Io2=10^A). 
The frequency tuning of band-pass response at constant Q is next investigated. 
The circuit is designed for Q=4 and the pole-frequency varied. The value of capacitors 
used is InF. Bias currents (loi, I02) are varied as (5^, 80^), (8^ 1, 108^) and (lOp,, 160|i) to 
vary the pole frequency as: 240K, 374K and 457K respectively. The results shown in 
Figure 4.3 verify this aspect of the UBF-I. 
4.2 Universal Biquadratic Filter - II (UBF-II) 
4.2.1 Circuit description 
Second of the proposed universal biquadratic filter (UBF-II) circuit employing 
Cecils and capacitors is shown in Figure 4.4. The current-mode circuit uses three 
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Cecils (with multiple outputs of positive type only) and two grounded capacitors, ideal 
for monolithic implementation. The core of the proposed filter is the parallel R-L 
impedance realized (looking into port X of CCCIIl) by two CCCIIs and the capacitor Ci. 
Adding C2 in shunt with the parallel R-L simulator completes the R-L-C resonator, one 
of the most popular methods of realizing biquadratic filters. The circuit requires fewer 
active and passive component count as compared to other reported circuits [75,77,82]. 
Similarly, the new circuit enjoy high impedance current outputs ideal for current mode 
cascading, feature not available with other works [79-80]. The use of only positive type 
CCCIIs also makes the configuration simple unlike other works where both positive and 
negative CCCIIs are employed [77,79,80]. The use of grounded capacitors is desirable 
from the IC implementation view of the circuit. Circuit analysis using the port 
relationship for a CCCII (Chapter 1) yields the following current transfer functions. 
4 D(s) ' I,„ D(s) ' I,„ D(s) 
D(s) = s'+s/R,,C,+\/R,^R,:iQQ (4.8) 
Here, RX,(=VT/2IO„ i=l,2) is the intrinsic X-terminal resistance of ith CCCII and lo, is the 
bias current of the CCCIIi. VT is the thermal voltage [36]. 
Equation (4.8) shows that the three outputs realize low-pass, band-pass and 
inverting band-reject filter functions. Inverting High-pass filter function (IHP) is obtained 
by connecting IBR and ILP, whereas, inverting all-pass filter function (IAP) is obtained by 
connecting IBR and IBP together. It is not difficult as all the three outputs (equation 4.8) 
are at high impedance (Z terminal of CCCII+). The so derived outputs are: 
LnL = ZfL ^A,'_ is'-s/R,,C,+\/R,,R,,qC,) 
L Dis)' /,„ D(s) 
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Thus, all standard second order filter functions can be realized from the proposed 
circuit. It is to be noted that no additional active/passive elements or matching conditions 
are required. Another important feature is the availability of current outputs at high 
impedance that is ideal for current-mode cascading. Filter parameters namely natural 
angular frequency, bandwidth and quality factor are given as: 
CO = , ^ A = - ^ . g = . R ^ (4.10) 
It is seen that the filter parameters can be electronically controlled, by varying the bias 
current of the conveyors. Natural angular frequency can be tuned independent of quality 
factor by varying both Id and I02 in same ratio. It is to be noted that the CCCII3 is being 
used as a current follower to provide two output currents at its Z terminal equal to I,n. 
Thus, none of the ideal transfer functions given above involve Rx3. Removing CCCII3 
and injecting two equal current inputs at the nodes driven by the Z-terminals of CCCII3 
can simplify the circuit. The resulting circuit with only two CCCIIs and two capacitors 
then becomes a minimal structure for a universal biquadratic filter. 
4.2.2 Non-ideal analysis 
A non-ideal CCCII is characterized by current transfers 'a' from X to Z terminal 
and voltage transfer 'p' from Y to X. For multiple outputs CCCII the current transfer is 
a,j, where, j is the number of Z output. These transfer gains deviate from unity by their 
transfer errors, which are small for frequencies till tens of MHz [36]. Circuit analysis 
taking these non-idealities into account yields the transfer functions as: 
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I,„ D(s) ' /,„ D(s) ' 
D{s) = s'+s/R,,C,+a,,a,A'R.iK2CA (4.11) 
Pass-band gains are found as; 
Hu> = -^^^^. H,, = a,,a,„ //«„ = -a,, (4.12) 
a. 
The non-ideal filter parameters are: 
Equations (4.12) and (4.13) show that the filter parameters are affected as a result of 
CCCII non-idealities, however, for CCCIIs the voltage and current transfer gains are 
unity till tens of MHz, thus the filter performance is negligibly affected. 
4.2.3 Sensitivity study 
From the non-ideal expressions of the filter parameters, the sensitivity of 
parameters to active and passive elements are analyzed and found as follows. 
^ta. = <:: = i» <::<.„ = - < r = i (4-14*) 
From equation (4.14), it is seen that all the sensitivity values (active and passive) are 
within unity in magnitude. Thus the UBF-II enjoys good sensitivity performance. 
4.2.4 Design and verification 
To validate the theory presented in above sections the proposed circuit is 
simulated using the CCCII+ implementation with transistor NRIOON and PRIOON 
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parameters [36,38]. The proposed translinear-C filter circuit is designed for Q=l with the 
design values as Ci = C2 = lOnF, loi = I02 = lOO i^A. The simulated frequency response of 
the circuit is shown in Figure 4.5 that gives four responses namely: low-pass, band-pass, 
band-reject and high-pass. It is to be noted that high-pass response is obtained by 
connecting outputs (IBP and ILP) as mentioned in section 4.2.1. The simulated natural 
angular frequency obtained is 1 lOKHz and is in agreement with the theory. 
The practical utility of the proposed translinear-C filter is next studied by injecting a 
sinusoidal input of frequency IMHz for the above design values. The amplitude of the 
input is varied and the high-pass (HP) output response studied for the total harmonic 
distortions (THD). The output is found to show a THD within 1% for nearly two decades 
variation of the input current amplitude (0.01mA to 1mA) as shown in Figure 4.6. This 
confirms the low THD and high frequency potential of the proposed circuit. 
4.2.5 Voltage-mode operation 
The UBF-II circuit can be also operated in voltage-mode by removing CCC1I3 and 
un-grounding capacitors, thus resulting a two CCCII circuit. If the input is at Ci, high-
pass and inverting band-pass filters are realized at Z-terminal of CCCII2 and CCCII 1 
respectively. Similarly by applying input at C2, band-pass filter is obtained at Z-terminal 
of CCCII2. The circuit with un-grounded capacitor has a minimal structure for 
biquadratic filter realization. 
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4.3 Universal Biquadratic Filter-Ill (UBF-III) 
4.3.1 Circuit description 
The next of the proposed universal filter circuit based on four CCCIIs is shown in 
Figure 4.7 and has the following current transfer functions. 
!„,, _ {KJR^y I,, _{2R,JR,,R,,q)s / , , _ 2R,JR,,R,,R,,qC, 
/,„ Dis) '/,„ Dis) '/,„ Dis) 
Dis) = s'+ si-^) + ^^'' (4.15) 
Here, Rx,, is the intrinsic X-terminal resistance of the ith CCCII and is VT/2IO„ where 
lo, is the bias current of the ith CCCII. The core of the proposed circuit configuration is 
based on the famous follow the leader feedback (FLF) topology and consists of two 
integrators comprising: CCCIIl and Ci (lossy integrator), CCCII2 and C2 (loss-less 
integrator). The loop is closed with CCCII3 as a voltage to current converter (generation 
ILP) and CCCII4 as the current to voltage converter (CCCII4 acts as a negative resistance, 
-Rx4)- Equation (4.15) shows that the circuit realizes inverting high-pass, non-inverting 
band-pass and inverting low-pass fimctions. Inverting band-reject and inverting all-pass 
functions can be realized by simply connecting (i) IHP and ILP, and (ii) IHP, IBP and ILP 
together respectively with the condition Rxi=Rx2=Rx4, which can be set by the bias 
currents of the CCCIIs. Filter parameters namely, pole-frequency (©0), bandwidth 
(cOo/Q), the quality factor (Q) and the filter gains are found as: 
2R, 0) = • ^^* 
KiRxiRxi^xC^ 
^ - - 1 - O- I -^-^ -^ '^ fA^^, 
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K,\-^,\H,,\^^,\H,,\^l (4.17) 
From equations (4.16) and (4.17), it is evident that the filter Q can be controlled 
independent of filter-<Ooby proportionate variation of loi and Io4 (Rxi and Rx4), though HBP 
also gets affected. Similarly, coo can be varied independent of Q, by simultaneously 
varying loi and Io3 (Rxi and Rxs), though, HHP also gets affected. It is also to be noted 
from equation (4.17) that the high-pass and band-pass filters can be designed for a 
desired gain just by appropriate control of the bias currents. It is to be noted that the 
proposed circuit uses fewer active/passive components than other works like [77] and 
enjoy high impedance cascadable outputs unlike other reported works like [79,80]. 
Moreover, the UBF-lIl enjoys independent control of filter parameters when compared to 
a three CCCII based circuit [81]. The circuit is also superior to another work that uses 
four Cecils, one current follower and one of the capacitor in floating form [82], 
4.3.2 Non-ideal analysis 
The UBF-III circuit is analyzed for the non-idealities of CCCII and the non-ideal 
current transfer functions found as: 
L Dis) ' /,„ Dis) 
I,, _ i^ + ada^fi^fi^KJa,/3,R,,R,,R,,C,C, 
hn D{S) 
K^C/ aJ,R^,R^,R^,qC, (^ -^ ^^  
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The pass-band gains are modified as follows: 
The filter parameters get affected due to the CCCII non-idealities. However," the current 
and voltage transfer gains are unity till tens of MHz, thus the filter performance is 
negligibly affected [36]. 
4.3.3 Sensitivity study 
From the equations (4.19) and (4.20), the active and passive sensitivities of the 
filter parameters and pass band gains are analyzed and all the values are found within 
unity in magnitude that represents good sensitivity performance as is evident from the 
following sensitivity figures. 
c'o, _ nQ _ ^\ p<u„ _ c e = _ < f ' " - o = _ ("4 2161 
^a, - - \ " 2 ( l + a ) ' "'•"'•fi'-fi^-^' '^ «2.«3 '^ a4./'4 2 
4.3.4 Design and verification 
The four CCCII based universal filter circuit (UBF-III) is verified using PSPICE 
simulations. Bipolar implementation of CCCII with NRIOON and PRIOON transistor 
parameters and supply voltage ±2.5volt is used in simulation. The circuit is designed for a 
pole-frequency of 115KHZ and Q=l. The designed values are Ioi=50n, Io2=50)a, 
Io3=I00)i, Io4=50)a, Ci=C2=0.01^F. The gain plots for the three responses namely, low-
pass, band-pass and high-pass are shown in Figure 4.8. All-pass response is next obtained 
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just by connecting the three current outputs (IHP, IBP, and ILP). The gain and phase plots of 
the resulting all-pass function are shown in Figure 4.9. Next, the frequency tuning aspect 
of the circuit is verified for a constant Q (=1) value for the band-pass response. The bias 
currents loi and Io3 are varied simultaneously for the purpose keeping Io2=50|a and 
Io4=25 .^ The pole- frequency variation, for Q=l, is shown in Figure 4.10. The frequency 
is found to vary as (I) 115KHz, (II) ISOKHz and (III) 270KHz for three values of Ioi=Io3 
as 50n, 80|a and I20|a respectively. 
Next, the Q-tuning aspect of the circuit is examined. The Q of the band-pass filter is 
varied keeping pole-frequency constant at 60 KHz. The design values are as Ci= O.OSuf, 
Ca =0.0 luf The bias currents are set as pei Table 4.1. 
Table 4.1: Design for pole-Q tuning. 
Bias Current 
( M A ) -
Pole-Q i 
(a) 1.58 
(b) 3.16 
(c) 6.42 
Id 
80 
40 
20 
Io2 
80 
40 
20 
Io3 
80 
160 
330 
Io4 
80 
40 
20 
The results of pole-Q tuning are shown in Figure 4.11 and verify this aspect of the 
proposed universal filter. Further simulations are carried out to verify the total harmonic 
distortions (THD). The circuit is verified by applying a sinusoidal current of varying 
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frequency and amplitude 50^a. The THD are measured at the ILP output. The THD is 
found to vary from 0.09% at IKHz to 2% at 50KHz. Thus all the results shown in Figures 
4.8 to 4.11 verify the current mode operation of UBF-III circuit. 
4.3.5 Voltage-mode operation 
The current-mode circuit of UBF-III can also be operated in voltage-mode as a 
single input, two outputs configuration. If the X-terminal of CCCII4 is ungrounded and 
used as the voltage input terminal, then two functions are obtained at Z-terminals of 
CCCIIl and 2. A second order band-pass filter is realized at Z-terminal of CCCIIl and a 
second order low-pass filter at the Z-terminal of CCCII2. The important feature of the 
circuit retained in the voltage-mode operation is the use of grounded capacitors making 
the circuit suitable for IC implementation. 
4.3.6 Mixed -mode operation 
An interesting aspect of the proposed UBF-III is the mixed mode operation; the 
circuit is shown in Figure 4.12, A few mixed-mode circuits have been reported in 
literature [83]. The UBF-III's current-mode operation is discussed at length in the 
preceding sub-sections and the voltage-mode operation introduced in the above sub-
section. The circuit can be used as a current-input, voltage-output (as well as current 
outputs) just by measuring the responses at Z-terminals of CCCIIl and CCCII2, which 
are band-pass and low pass respectively. The three current outputs (ILP, IBP, IHP)- are 
simultaneously obtained as discussed in earlier subsections. Similarly the circuit can be 
operated as voltage-input current-outputs (as well as voltage outputs) by applying voltage 
input at X-terminal of CCCII4 and obtaining responses at the three current outputs, where 
low-pass, band-pass and high-pass functions are realized. The two voltage outputs 
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namely band-pass and low-pass are simultaneously obtained. Thus, it is to be inferred 
that the proposed configuration can be used as (i) voltage input voltage output, (ii) 
voltage input current output, (iii) current input current output, and (iv) current input 
voltage output filters. At a time both current and voltage outputs are also obtained with 
either a current or a voltage input. 
With V,n=0, the three current outputs are as given in equation (4.15). The two 
voltage outputs obtained are 
L Dis) ' /,„ D(s) 
Where, D(s) is same as in eqn. (4.15). Similarly, with l,n=0, the two voltage outputs are 
as: 
Kn D(s) 'V,„ Dis) 
The three current outputs in this case are: 
I IP ^-2/ R^^R^2KyQC2 IBP _2S/ R^^R^^Q I„p ^ s^ I j?^, 
K„ Dis) 'V,„ Dis) 'V,„ Dis) 
(4.23) 
(4.24) 
Equations (4.22)-(4.24) describe the mixed-mode operation of the circuit. For voltage 
input current output operation, additional current responses namely band-reject and all-
pass are easily obtained by connecting ILP. IHP for band-reject, and ILP, IBP, IHP for all-pass 
response. 
It is to be concluded that the circuit configuration presented above as UBF-III is 
versatile due to its operation as either current/voltage or mixed-mode. 
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4.4 Universal Biquadratic Filter IV (UBF-IV) 
4.4.1 Circuit description 
Next of the proposed universal biquadratic filter circuit (UBF-IV) is shown in 
Figure 4.13 and is based on a new ideal inductor formed by CCCII (1,2 and 4) along with 
capacitor Ci. Looking into port Y of CCCII4 (connected to Z+ terminal of CCCII2), the 
impedance realized is sLeq, where, Leq=CiRx2Rxs, Rxs = (Rxi+Rx4). The RLC resonator 
based filter is completed by shunting this tunable inductor with a resistor in form of 
CCC113 and capacitor Ci. Thus the UBF-IV requires four CCCIIs and two capacitors 
along with an additional CCCII used as current follower (CF). Circuit analysis using the 
port relationship for CCCII yields the following current transfer functions. 
I„,is)_\/R,,R,,QC, IUs)_ slR,,C, I„,{s)^ s' 
Us) D(s) Us) Dis) Us) Dis) 
D{s) = 5^  + 5 / R^^C^ +1 / R^R.iCiC^ (4.25) 
The filter parameters can be expressed as 
fij,= , ^ , Q = R,3J——— (4.26) 
where Rx, (1=1,2,3,4) denotes the intrinsic X terminal resistance of the ith CCCII and Rxs 
= Rxi+Rx4, From equation (4.26), it is further to be seen that the proposed biquad has 
independent tuning capability for the filter parameters. The pole-Q can be controlled 
independently of pole-Wo by varying I03. Similarly the filter bandwidth (WQ/Q) can also be 
controlled independent of pole-Wo by varying I03. 
The band-stop (IBS) and all-pass (JAP) transfer fimctions can easily be obtained 
from the current ILP(S) + IHP(S) and ILP(S) + IBP(S) + IHP(S) respectively since the three 
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current outputs are at high impedance which enables the required summing just by 
shorting. The resulting functions are as 
7 rs) = IM±IA£1 = ' ^^IRxsR^C^C^ (427) 
„2 
T / o^ _ •* HP+BP+LP 
^APy^)~ T / \ ~ r»/ \ (4.28) 
Thus five current transfer functions can be realized without any additional active 
elements and any matching conditions concerning the circuit elements. When compared 
to one of the recently reported circuit with similar features, the proposed configuration 
uses equal number of active elements (five) but one capacitor less [77]. Similarly when 
compared to some three CCCII based works the UBF-IV enjoy cascadable (high 
impedance) current outputs [79,80]. 
4.4.2 Non-ideal analysis 
Non-ideal current transfer functions are as 
= - g 3 _ • . . ; . , = ^ 5 -4(^) D{s) Us) D{s) Us) 'D(s) 
Dis) ^ s' +s/R,,C, +a,a,,/3,^, IR,,R,,qC, (4.29) 
Here, a2i and a22 refers to the transfer from X to Z+ and Z- terminal of the 
CCCII2 respectively, ai,3.4 are the current transfer gains of respective CCCII, as is the 
current transfer gain of the CCCII used as CF. Similarly the indices on p refer to the 
respective CCCII. The non-ideal filter parameters becomes: 
CO 
The pass-band gains are 
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\H,,\ = ^ AHJ = a,AHJ = a, (4.31) 
« 2 1 
4.4.3 Sensitivity study 
Active and passive sensitivities of the filter parameters and pass-band gains are 
analyzed and found as: 
5 ;^,«„.r,cr. = Si...,. = -Si = - i Si = 1. S::l,^,^ = \ {^31a) 
S"ip _ s"-^ = 5'''" = S""' = 1 (432b) 
Equation (4.32) shows that all the active as well as passive sensitivity values are within 
unity in magnitude that represents a good sensitivity performance. It is to be concluded 
that UBF-IV also possess attractive sensitivity features. 
4.4.4 Design and verification 
The proposed UBF-IV is verified using PSPICE simulations. The CCCII, which is 
used as CF is biased at a large current resulting in a small X terminal resistance. The 
circuit was designed for a cutoff frequency (pole-Wo) of lOOKHz and a quality factor 
Q=l. The designed values are as Ci = C2 = 6nF, loi = Io4 = 100|aA, I02 = I03 = 50^A. The 
three output responses namely low-pass, band-pass and high-pass are shown in Figure 
4.14. Next, the all-pass response is obtained by shorting the three high impedance 
current-mode outputs namely low-pass, band-pass, and high-pass as shown in Figure 4.15 
and verify the three current outputs. Tuning of filter parameters is next verified by 
varying the pole-Q of the biquad at constant center frequency of lOOKHz. Figure 4.16 
shows the three band-pass responses for varying pole-Q just by varying I03 (in ;^A) as 50, 
10 and 5 so as to vary pole-Q as 1, 5 and 10 respectively. 
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Figure 4.15 All-pass frequency response of UBF-IV 
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Figure 4.16 Q-tuning of band-pass response at fo=100KHz 
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Figure 4.17 THD results for high-pass output 
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Lastly, the THD performance of the circuit is also studied by injecting a 
sinusoidal current of 120KHz and the THD at the high-pass output are measured for 
varying amplitude as shown in Figure 4.17. All the resuUs verify the current-mode UBF-
IV circuit. 
4.4.5 Voltage-mode operation 
The UBF-IV of Figure 4.12 can be operated in voltage-mode just by a few 
changes. The Y terminals of CCCIIl and CCCII3 are ungrounded and connected to 
voltage inputs and so is the capacitor C2 (CF is removed). The single output is taken at 
the node where current was injected in the current-mode version of the circuit (Figure 
4.13). The resulting circuit shown in Figure 4.18 is a three input and a single output 
universal filter with the following single output. 
Dis) 
Here, D(s) is same as in equation (4.25). From the above equation it is seen that 
the circuit can realize low-pass, band-pass, high-pass and band-reject filter functions 
without any additional active/passive elements. The realization of all-pass requires a 
voltage inversion at V2. Filter pole-frequency and quality factor are same as for the 
current-mode circuit and are given in equation (4.26). An important feature of the 
voltage-mode circuit is the high input impedance for realizing low-pass and band-pass 
functions, thus making these functions cascadable in voltage-mode. Another 
advantageous feature offered is the use of only positive polarity CCCIIs (CCCII+) 
making the circuit configuration simple. It is to be noted that CCCIIS and CCCII4 have 
their Z terminals grounded, these are actually the unused terminals. Thus the circuit can 
129 
V, -
i 'o3 
CCCII Z+ 
T 
CCCIl Z+ 
TT 
CCCII Z+ 
Y 
CCCII Z+ 
X 
lo2 
Figure 4.18 Voltage-mode version of UBF-IV 
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be further simplified, by suppressing tiiis output. The CCCII implementation then, 
reduces to the input mixed translinear loop realizing the Y to X relationship [36]. 
4.5 Comparative Study of Proposed UBFs 
In the preceding sections four novel universal biquadratic filter circuits were 
presented. Some of the performance parameters for the current-mode operation of the 
circuits are listed below that enable a comparative study of the proposed circuits. 
(i) The number of active elements (CCCIIs) employed. 
(ii) Use of a minimum number of capacitors (two) for biquadratic filters. 
(iii) Universal filtering i.e. realization of all standard biquadratic filters. 
(iv) No requirement of any matching conditions to realize a specific function. 
(v) No requirement of additional active elements to provide the current outputs 
explicitly. 
(vi) Suitability of outputs to cascading for higher order filters. 
(vii) Independent tuning of filter pole-coo and poIe-Q. 
(viii) Low sensitivity of filter parameters to active and passive elements. 
Based on the above performance parameters Table 4.2 below gives a comparison of the 
four UBFs. 
131 
Table 4.2 Comparison of proposed UBFs. 
Performance 
parameter—* 
Circuit! 
UBF-I 
UBF-II 
UBF-111 
UBF-IV 
(i) 
2 
3 
4 
5 
(ii) 
Yes 
Yes 
Yes 
Yes 
(iii) 
Yes 
Yes 
Yes 
Yes 
(iv) 
Yes 
Yes 
No 
Yes 
(V) 
Yes 
Yes 
Yes 
Yes 
(vi) 
Yes 
Yes 
Yes 
Yes 
(vii) 
No 
No 
Yes 
Yes 
(viii) 
Yes 
Yes 
Yes 
Yes 
The UBF-I is a good low cost option with just two CCCIIs. The lack of 
independent filter parameter control is quite justifiable with the active component count 
used. Non-availability of this feature in UBF-I should not be seen as a drawback as 
tuning of pole frequency as well as quality factor (independent of each other) can still be 
achieved with appropriate design, controlling the two bias currents as shall be shown in 
the higher order filter realization. It is to be seen that the UBF-II also does not enjoy 
feature no. (vii), the non-interactive control of filter parameters though it employs three 
CCCIIs. This is justified as one of the CCCIIs (CCCIIS) is simply used as a current 
follower to obtain two equal input current (Ijn), thus effectively leaving two CCCIIs for 
function realization. However, the circuit enjoys all the rest of the performance 
parameters. Next, the UBF-III lacks in feature no. (iv), and requires current matching for 
band-reject and all-pass realization. However, the circuit enjoys all other performance 
parameters. Besides, the UBF-III possesses more versatility as it can also be operated in 
voltage-mode and mixed-mode. The UBF-IV enjoys all the features listed above, though 
it requires a current follower (realized using CCCII itself) besides four CCCIIs making 
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the active component count as five. However, the circuit can also be used as a voltage-
mode universal filter with only four CCCIIs without un-grounding the capacitor Ci. 
4.6 Modular Approach To Higher Order Filters 
The higher order filter realization using the biquadratic filters proposed in earlier 
sections is studied here. A modular approach is adopted for the purpose. It requires non-
interacting modules to be used, which can be designed independent of each other. The 
universal biquadratic filters (UBFs) can be used for higher order filter realization using 
this approach. The circuits can also be made digitally controlled with the addition of 
appropriate switching and control hardware that selects the desired filter ftinction. The 
basic scheme both for current-mode and voltage-mode filters is discussed in the 
following subsections. 
4.6.1 Current-mode filters 
The block diagram of Figure 4.19 shows the basic scheme for current-mode 
higher order filters with digital control. It utilizes the UBFs presented in preceding 
sections along with additional switching hardware (SH). For the current-mode operation 
of the UBFs, realization of higher order filter requires selection of one of the filter 
functions from the three basic UBF outputs and SH serves this purpose. For realizing 
higher order filter of order n (even), n/2 UBFs can be cascaded through the SHs. The 
circuitry involved in SH is next shown in Figure 4.20 and its operation is listed in Table 
4.3 
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Table 4.3 UBF output selection using SH 
S2 
0 
0 
1 
SI 
0 
1 
0 
so 
1 
0 
0 
Selected 
output of UBF 
LP 
BP 
HP 
According to Table 4.3, one of the three outputs of UBF is selected for the given select 
input (82, SI,SO). It is assumed that the UBF has three basic outputs as low-pass (LP), 
band-pass (BP) and high-pass (HP). However, in some cases, UBFs may be having the 
three outputs as LP, BP and band-reject. (BR) and accordingly the select inputs have to 
be changed in order to obtain, say, HP function (LP and BR need be selected 
simultaneously, one of the two must be inverting as in UBF-I). Similarly for all-pass 
(AP) function, all the three basic outputs need be simultaneously selected that requires 
the select inputs as S2 SI SO = 111. The operation of SH circuitry of Figure 4.20 is 
simple as the FET(s) with a high select input(s) is(are) switched on, allowing the 
corresponding current(s) to pass on to the input terminal of the current follower formed 
by the CCCII. The CCCII used as current follower ensures that the high impedance level 
of the UBF current outputs is restored after the signal has passed the switching circuitry. 
Thus the succeeding stages to be cascaded are not loaded. The scheme of higher order 
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filter realization using this approach enjoys digital function selection and an analog 
module control through the bias current of individual UBFs. 
4.6.2 Voltage-mode filters 
The modular approach for the vohage-mode higher order filters employing the 
voltage-mode versions of the UBFs is shown in Figure 4.21. The switching circuitry (SC) 
for the voltage-mode UBFs with three inputs and single output (like UBF-III) is required 
to select one of the inputs of the UBF. SC is next shown in Figure 4.22 and comprises of 
FETs and inverters. The operation of SC is listed in Table 4.4 below. 
Table 4.4 UBF input selection-using SC 
C2 
0 
0 
1 
CI 
0 
1 
0 
CO 
1 
0 
0 
Selected input 
of UBF 
VI 
V2 
V3 
The Table 4.4 shows that one of the inputs is selected depending upon the control input 
(C2 CI CO). If the three inputs (VI, V2 and V3) each correspond to LP, BP and HP 
functions respectively (as in voltage-mode version of UBF-IV of Figure 4.18), then BR 
and AP filter functions can be obtained by accordingly selecting more than one inputs. 
For example, BR function requires selecting VI and V3 simultaneously which can be 
done with the control inputs C2 CI CO = 101. The digital selection of desired input is 
simple as is explained here, for one case when C2 CI CO = 001. With this control input, 
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the transistor Ml is ON whereas M2 is OFF, thus VI is connected to the input voltage 
signal V,n. Moreover, M3 and M5 are OFF, M4 and M6 are ON, thus connecting V2 and 
V3 to ground. Hence the selected input is VI as given in Table 4.4. As for the UBFs, 
individual modules can be designed independent of other through the bias currents of the 
Cecils. Thus the scheme enjoys a digital switching and control along with an analog 
module control (through bias currents). One of the desired higher order filter function can 
be realized just by appropriate digital control. Thus the approach is quite suited for IC 
implementation as the configuration need not be changed for different filter functions and 
the design of cascaded non-interacting modules (UBFs) can also be controlled externally 
through bias currents. 
4.7 Higher Order Filters: Case Studies 
The current-mode universal biquadratic filters presented in the chapter enjoy 
outputs that are at high impedance (port Z of CCCIIs). These outputs are ideal for 
cascade connection in current-mode signal processing, as no additional current followers 
are required. Thus it is possible to realize higher order filters with order n (even) utilizing 
n/2 biquadratic filters in cascade. For odd value of n, only (n-l)/2 biquaratic sections are 
required along with an additional first order section [36]. With this cascade approach the 
realization of higher order filter is reduced to a much simpler realization of only second 
order filters as proposed in the earlier sections. This section presents the case study of the 
modular approach with digital control introduced in previous section. 
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4.7.1 6th order Butterworth filter using current-mode UBF-I 
UBF-I with only two multiple output CCCII is the most attractive choice, keeping 
in view the low active element count, for the realization of higher order filters. In the 
UBF-I circuit, the two bias currents can independently control of pole frequency and 
quality factor. Here, a 6th order low-pass Butterworth filter is realized using the UBF-I as 
a module to be cascaded. The normalized Butterworth transfer function for such a filter 
is as [108]. 
T{s) = —, -, ^- 5 (4.34) 
(5'+ 0.518s +1)(5'+1.4145 + 1)( '^-1-1.9325+1) 
Here, pole- a)o=l, the transfer function can be de-normalized by replacing s^' s/coo to 
give rise to the required 6''^  order function with given pole- cOo and pole- Q. Pole-Q of the 
individual biquad sections is simply reciprocal of the coefficients of s in equation (4.34). 
These values are 1.93, 0.707 and 0.518 respectively for the three UBFs to be cascaded. 
With this, the individual UBFs can now be designed for same pole-frequency and 
different pole-Q as above. This is not difficult, as it requires simple design equations 
involving external bias currents of CCCIIs. The complete circuit for the sixth order low-
pass filter formed as a result of cascade of three UBF-Is is shown in Figure 4.23. The 
other outputs of the UBF-I are not shown in the circuit. It is to be noted that no additional 
active elements are employed in the circuit. The filter parameters namely pole-frequency 
and pole-quality factor for UBF-I are repeated here as 
For Ci=C2=C, and replacing Rxi=VT/2Ioi, i=l,2 above equation becomes 
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Figure 4.23 Sixth order current-mode low-pass filter 
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" VrC ' ^ ih, 
Equation (4.36) is used for designing the required filter by varying the bias currents so as 
to simultaneously satisfy both the expressions of COQ and Q. It is not difficult as shall be 
evident from the subsection on design and verifications (4,7.3). 
4.7.2 6th order Butterworth filter using voltage-mode UBF-IV 
The voltage-mode higher order filter realization using the modular approach 
presented in earlier section is also verified by using the voltage-mode version of UBF-IV 
given in Figure 4.18. The circuit with three inputs and outputs is used here for the 
realization of a 6"^  order Butterworth filter. Three sections of UBF-IV are cascaded as per 
the scheme of Figure 4.21. The filter parameters for the UBF-IV are repeated below for 
the sake of convenience. 
One simple design step is to assume equal valued capacitors, and replacing Rxi by VT/2Ioi, 
thus reducing equation (4.37) to: 
0} =— \JoiL02loA_ n = J _ hJoihi .43gx 
It is to be repeated here, that Rxs=Rxi+Rx4, for the UBF-IV, hence the above equation. 
The individual modules (sections) to be cascaded can be easily designed with appropriate 
selection of the bias currents, as shall be evident in the following subsection. 
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4.7.3 Design and verification 
The sixth order current-mode low-pass fiher circuit of Figure 4.23 was simulated 
using the available UBF-1, just by cascading three such sections. The values of all 
capacitors chosen were Inf Equal valued grounded capacitors make the circuit suitable 
for IC implementation. The bias currents for each section are appropriately designed so 
as to satisfy equation (4.34). The designed values are listed below. 
Section-I: Ioi= 5.17 ^ A, Io2=19.3 \x A Section-II: Ioi=14.17 ^ A, Io2= 7.07 ^ A, Section-
Ill: lo^ 19.3 ^ A, W =5.17 i^ A. 
The pole-frequency is 122KHz. The frequency response is given in Figure 4.24a 
showing a stop-band attenuation of 120 db/decade thus verifying the theory. Next, the 
select inputs were changed to 010 as per Table 4.3, so as to select the band-pass response, 
from each of the three modules (UBFs). Thus the final output realizes the sixth order 
band-pass response. The gain plot for the same is shown in Figure 4.24b, with a center 
frequency close to 120KHz. 
Next, the voltage-mode 6 order filter was designed with all six capacitors (three 
cascaded sections, each with two) of equal value viz. Inf The pole-frequency 
determining currents for all the three sections were as Ioi=Io4=20|ia and Io2=10|ia. The 
Io3, which controls the pole-Q, independent of pole-frequency, was set so as to meet the 
requirements of equation (4.34). The same for the three sections was as below. 
Section-I: Io3= 5.2|ia; Section-II: Io3 = U.M^ia; Section-Ill: I03 = 19.34na. 
The resulting pole-frequency for the design is 122KHz. The frequency response 
is shown in Figure 4.25a that shows a stop-band attenuation of 120 db/decade, thus 
verifying the 6"" order low-pass filter. The control inputs (C2C1C0) were set as 001 as per 
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Table 4.4, so as to select Vi as the input terminal, as per equation (4.33) for the UBF-IV. 
Next, the control inputs were changed to 010 so as to select V2 that results in band-pass 
response. The result for the 6"^  order band-pass response is also shown in Figure 4.25b, 
with a center frequency of 120KHz that matches with the designed value. 
4.8 Concluding Remarks 
The chapter introduced four new universal biquadratic filter circuits employing 
current controlled conveyors and capacitors. The workability of all the circuits was 
verified through SPICE simulations. The circuits were found to possess attractive features 
like suitability to IC implementation (by using all grounded capacitors, with an exception 
of UBF-IV), suitability for realizing higher order filters (by enjoying high impedance 
current outputs), operational flexibility (by realizing all standard filter functions) and all 
importantly tunability of filter parameters through external current (by employing current 
controlled conveyors). Besides, the circuits also enjoy low active and passive sensitivities 
and low total harmonic distortions. A modular approach to higher order filters realization 
was also presented and verified through case studies on sixth order filters that utilized the 
UBFs, both for voltage-mode and current-mode filters. 
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CHAPTER - 5 
REALIZATION AND STUDY OF 
TRANSLINEAR-C OSCILLATORS 
Sinusoidal oscillators have applications in communication systems, 
instrumentation and measurement. Current conveyor was first utilized in realizing an 
oscillator long back in 1975 [89]. The first conveyor based oscillator had problems of 
non-interactive frequency and sustainability control and matching conditions. Soon other 
current conveyor based circuits were reported to overcome some of these problems 
[90,91]. The first single conveyor based circuit introduced in 1984, enjoyed non-
interactive control as well as use of grounded capacitors suited for IC implementation 
[92]. Later several other circuits were proposed with a view to reduce the component 
coimt, use of grounded components, non-interactive and single element control property 
[93-98]. Multiphase sinusoidal oscillators employing current conveyors have also been 
proposed as these find wide range of applications in communication, signal processing 
and power electronics [99,100], More recently, current-mode sinusoidal oscillators 
employing current controlled conveyors (CCCIIs) and capacitors have been reported that 
enjoy electronic tunability [80,101-103]. 
This chapter' introduces some novel quadrature sinusoidal oscillators employing 
CCCIIs and capacitors. Section 5.1 is devoted to the basic scheme of oscillator realization 
using RLC resonator with shunted negative resistor. The subsequent three sections (5.2 to 
5.4) presents three such circuits with quadrature outputs (progressive phase shift of 90°) 
' A part of this chapter is based on Authors' papers [PIO], [PI 1], [C3] 
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based on the scheme. Section 5.2 presents Translinear-C quadrature oscillator (TCQO-I) 
with only two CCCIIs and two grounded capacitors that enjoy four quadrature current 
outputs, two phase inverted current outputs and two quadrature voltage outputs [Pll]. 
Section 5.3 proposes a translinear-C oscillator circuit (TCQO-II) with three CCCIIs and 
two grounded capacitors [PIO]. The circuit has three quadrature current and two 
quadrature voltage outputs. Section 5.4 is devoted to another circuit (TCQO-III) 
employing three CCCIIs and two grounded capacitors. The circuit enjoys four high 
impedance quadrature current and two quadrature voltage outputs. Section 5.5 is devoted 
to the basic scheme of oscillator realization using first order all-pass section and 
integrator. The subsequent three sections (5.6 to 5.8) propose three such circuits based on 
this scheme. Section 5.6 presents a current-mode quadrature oscillator (TCQO-IV), using 
two CCCIIs and two capacitors, based on APS-7 of Chapter-3. Section 5.7 proposes 
another current-mode circuit (TCQO-V) using three CCCIIs, which is also based on 
APS-7. Section 5.8 introduces a voltage-mode quadrature oscillator (TCQO-VI) using 
four CCCIIs which is based on the APS-2 of Chapter-3. Section 5.9 presents two 
quadrature oscillator circuits based on the band-pass functions of UBF-I and UBF-II of 
the Chapter-4. Next, section 5.10 describes the basic scheme for the realization of a third 
order and a circuit (TCQO-IX) using four CCCIIs and three grounded capacitors [C3]. 
The circuit generates four quadrature current outputs all at high impedance levels and two 
quadrature voltage outputs. All the presented circuits are also analyzed for the non-
idealities of the CCCIIs, and are verified through sunulation results. The chapter 
concludes with section 5.11 giving a comparative study of proposed oscillator circuits. 
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5.1 Basic Scheme using Resonator and Negative Resistor 
One of the standard methods of realizing sinusoidal oscillators consists of the RLC 
resonator. The RLC resonator when shunted with a negative resistor (-Ri) sets up an 
oscillatory network, whose natural frequency of resonance depends on the L and C, 
whereas, the condition required to set up sustained oscillation is met with the R and R\ 
made equal. The basic scheme is shown in Figure 5.1 and has the characteristic equation 
as; 
,^+,(Vi^+_L^o (5.1) 
RR^C LC 
At the frequency of resonance, s=jcOo, the above equation gives after equating real and 
imaginary parts on the two sides the frequency of oscillation (FO) and condition of 
oscillation (CO) as: 
Fa (0„=^j^, CO:R>R, (5.2) 
Using the above scheme, three translinear-C quadrature oscillator circuits are presented in 
the section 5.2 to 5.4 below. 
5.2 Translinear-C Quadrature Oscillator-1 (TCQO-I) 
5.2.1 Circuit description: frequency and condition of oscillation 
First of the proposed quadrature oscillator employing CCCIIs and capacitors, 
henceforth-called transIinear-C quadrature oscillator-I (TCQO-I) is shown in Figure 5.2a. 
The circuit employs two CCCIIs (with dual outputs) and two capacitors. CCCIIl, CCCII2 
along with Ci realize the shunt R, L, -Ri and C2, the C of the basic scheme of Figure 5.1. 
Routine analysis of the circuit yields the following characteristic equation: 
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„2 . 1 1 . 1 
s^+s{—^ ) + =0 (5.3) 
Here, the Rxi, i=l,2 [=VT/2IOI] is the intrinsic X-terminal resistance of the ith CCCII with 
a bias current loi and Vj is the thermal voltage. The frequency of oscillation (FO) and the 
condition of oscillation (CO) is obtained from equation (5.3) as: 
FO- a>,= I ,CO:R,,<R^, (5.4) 
Eqn. (5.4) shows that varying IQI and I02 so as also to maintain the CO can control the FO. 
The three current outputs are related as: 
Ia=-Jkh,h = -h;k=—^ (5.5) 
Eqn. (5.5) gives the three-quadrature outputs. For k=l, the three outputs have equal 
amplitude as well. Similarly the two voltage outputs available are related as: 
^2=A^P^i=-47r (5-6) 
o x ] ] 
Eqn. (5.6) gives the two quadrature voltage outputs which are equal in magnitude for 
ki=l. Figure 5.2b depicts the phasor diagram of the current and voltage quadrature 
outputs. Two additional phase-inverted current outputs (Ie=-Id) are also obtained. Thus 
the TCQO-I provides three quadrature current outputs, two quadrature voltage outputs 
and two phase inverted current outputs, a total of seven outputs using only two CCCIIs 
and two capacitors, a feature not available in other reported translinear-C oscillators 
[80,101-103]. 
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5.2.2 Effects of non-ideal CCCII 
Taking into account the non-idealities of CCCII, namely, an and au, the current 
transfer gains of CCCII 1 from X to Z+ and X to Z- respectively; a2, the current transfer 
gain of CCCII2 and Pi, i=l,2, the voltage transfer gain of ith CCCII, the non-ideal 
characteristic equation of the TCQO-I becomes: 
s'+si— ^iL) + - . . ^ i lM_=o (5.7) 
The non-ideal FO and CO becomes: 
FO: co„=^^^,CO:R,,<a,,R,, (5.8) 
The active and passive sensitivities of FO are analyzed and found within 0.5 in 
magnitude. Thus, the TCQO-I also enjoys good sensitivity performance. The effect of 
CCCII parasitic capacitances is also studied. The parasitic port capachances of CCCII do 
affect the FO as these get merged with the external capacitors. The Y and Z+ capacitance 
of CCCIIl along with X-terminal capacitance of CCCII2 are added with C2, whereas, the 
Z- parasitic of CCCIIl and Y-terminal capacitance of CCCII2 adds with Ci. However, 
the bias currents can be adjusted in order to compensate for the changes in FO due to 
these parasitics. 
5.2.3 Simulated responses of TCQO-I 
The proposed circuit of TCQO-I is designed with Ci=C2=10nf and Ioi=Io2=200na. 
The time domain waveforms are shown in Figure 5.3 (a) (b) and (c) that verify the 
proposed circuit. The FO obtained is 212KHz as against a theoretical value of 240KHz. 
This difference of FO from the theoretical value is quite justified. A reduced value of FO 
as obtained from simulation results is due to the merging of various parasitic port 
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capacitances with the external Ci and C2 as discussed in the preceding section, the FO 
being inversely related to the capacitors. Next, total harmonic distortions (THD) at the 
various outputs are found within 1% for all the current and voltage outputs that represent 
a low value. 
5.3 Translinear-C Quadrature Oscillator-II (TCQO-II) 
5.3.1 Circuit description: frequency and condition of oscillation 
Next of the proposed translinear-C quadrature oscillator (TCQO-II) circuit is 
shown in Figure 5.4. The circuit uses three CCCIIs and two capacitors to realize three 
quadraure current outputs and two quadrature voltage outputs. CCCIIl, CCCII2 along 
with C2 realize the R, L shunt, Ci the C, and CCCID, the -Ri of the basic scheme of 
Figure 5.1. Routine analysis of the circuit yields the following characteristic equation. 
,2_^.^iR.,-R.2)^ ! ^0 (59) 
It is clear from equation (5.9) that the frequency of oscillation (FO) and the condition of 
oscillation (CO) are as: 
^^•- ^0= 1^ I ^^ ,CO:R,,<R,, (5.10) 
Here, Rx, = Vj / 2Ioi , i = 1,2,3 is the intrinsic resistance at the terminal X of the ith 
translinear conveyor, VT is the thermal voltage and loi is the bias current of the ith 
conveyor [36]. It is evident from equation (5.10) that the FO is independent of CO i.e. the 
FO can be electronically controlled independent of CO by varying loi (Rxi). Similarly the 
CO can be maintained independent of FO by controlling I03 (Rxs). At oscillating 
frequency with s = jco: 
154 
c, 
Vi 
' 1 
\ 
1 — F I« 
lol 
1 
V 
lo. 
Y Z 
CCCII+ (3) 
X 
YCCCIl-(l) 
z 
X 
I 
V2 
1 
; \l^ 
Io9 
i 
CCCII+ (2) 
Y X 
Z 
Figure 5.4 Translinear-C quadrature oscillator-II (TCQO-II) circuit 
Ib,V2 
90"= 
Ic <- r:\ 90° • » Ia,V, 
Figure 5.5 Phaser diagram showing quadrature current and voltage outputs 
155 
la=-Jkh^ h^jkh;wherek^—^ (5.11) 
The quadrature current outputs are depicted in phasor diagram shown in Figure 5.5. The 
two quadrature voltage outputs are related as 
Vx = -Jk/„where k, = ^ ^ (5.12) 
For ki=l, the two quadrature voltage outputs have equal amplitude as well. Thus the 
TCQO-II simultaneously provides three quadrature current outputs and two quadrature 
voltage outputs. 
5.3.2 Effects of non-ideal CCCII 
The circuit of TCQO-II is analyzed for the CCCII non-idealities namely, a, the 
current transfer gain and p, the voltage transfer gain to yield the following characteristic 
equation. 
, . ^ , ( ^ . 3 Z £ 3 M l ) + _ ^ i M _ = o (5.13) 
The modified FO and CO is as 
^^" °^= Ivf^rr ^CaR,,<a,P,R,, (5.14) 
From equation (5.14), the active and passive sensitivities of FO are also analyzed and 
found within 0.5 in magnitude, representing a low value. Thus, the TCQO-II also enjoys 
good sensitivity performance. The effect of various port capacitances is now studied. The 
Y-terminal capacitance of CCCII 1, X-terminal capacitance of CCCII2, Y and Z terminal 
capacitance of CCCII3 appear in shunt with Ci, hence adding to it. Similarly, Z-terminal 
capacitance of CCCII 1 and Y-terminal capacitance of CCCII2 appear in shunt with C2, 
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thus adding to it. A difference in FO is expected from the designed value because of the 
added capacitances. However, the shift in FO due to these parasitics, can be compensated 
by adjusting the bias currents of the conveyors 
5.3.3 Simulated responses of TCQO-II 
The TCQO-II circuit is simulated using the CCCII implementation with 
transistors NRIOON and PRIOON parameters and a supply voltage of ±2.5 volts [36,38]. 
The TCQO-II is designed with Ci=C2=10nF, Ioi=Io2=100^a. Io3 is set at 106na so as to 
satisfy the CO. The theoretical design value of FO is 122KHz. The circuit is simulated 
using the above design values and the resuhs for the three current outputs are shown in 
Figure 5.6, which gives the FO as llSKHz. The outputs are found to show a THD within 
2%. The difference in FO is attributed to various parasitic port capacitances merging with 
external capacitors as discussed in the above section. The tuning of FO with a single 
external bias current (loi) is next shown in Figure 5.7. The design values are same as 
above. loi is varied from 10|xa to 1000^a so as to vary FO from 37KHz to 375KHz 
respectively. This shows wide tunabilty with a single bias current. Thus all the results 
verify the circuit of TCQO-II. 
5.4 Translinear-C Quadrature Oscillator-III (TCQO-III) 
5.4.1 Circuit description: frequency and condition of oscillation 
Third of the proposed translinear-C quadraure oscillator circuit (TCQO-III) based 
on the scheme of Figure 5.1 uses three CCCIIs, (two with multiple outputs) and two 
grounded capacitors. The circuit is shown in Figure 5.8. CCCIIl, CCCII3 along with Ci 
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realize the -Ri, L shunt, CCCII2 the R, and C2 the C of the basic scheme of Figure 5.1. 
Routine analysis of the circuit yields the characteristic equation as. 
s'+s{— —) + ^—-r = ^ (5-15) 
From equation (5.15), the frequency of oscillation (FO) and condition of oscillation (CO) 
can be found as: 
PO- a>„= , I ,CO:R,,<R,, (5.16) 
Equation (5.16) shows that the FO can be varied independent of CO by varying loi. Thus 
the TCQO-III enjoys non-interactive control of FO and CO. The circuit provides four 
quadrature current outputs at high impedance. This means that no additional current 
follower(s) need be employed to sense the current outputs and none of the capacitors are 
to be ungrounded either, a feature not available in other works [80]. The circuit also 
provides two quadrature voltage outputs simultaneously. The current outputs are related 
as: 
/ , = - / „ /, =y^, . / , =-/„ (where,k = co„R,,C,) (5.17) 
Equation (5.17) shows that the four outputs have a progressive phase shift of 90°. 
Similarly, the two voltage quadrature outputs are related as: 
2^ = -J^K, ^here, k = co.R^^C^ (5.18) 
The current and voltage outputs are depicted in the Figure 5.9. 
5.4.2 Non-ideal study 
The TCQO-III is also analyzed for the non-idealities of CCCII and the 
characteristic equation is found as. 
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/ + , ( £ A _ £ l A ) + ^ il^32Ml = o (5.19) 
Here, Pi, i=l-3 is the voltage transfer gain of the i CCCII and a2 is the current transfer 
gain of CCCII2, an is the current transfer of CCCIIl at first output (marked ' 1 ' in 
figure), a3i and a^ are the transfer of CCCII3 at first and second outputs (marked ' 1' and 
'2' respectively in figure). The non-ideal FO and CO is as: 
FO: V^^ng32AA ^Q. j^^cc^j^ (520) 
The FO and CO are modified as a result of CCCII non-idealities, however, the voltage 
and current transfers are unity till tens of MHz range, thus affecting the circuit 
performance negligibly [36]. The active and passive sensitivities of FO are analyzed and 
found within 0.5 in magnitude, thus representing a low value. As for the effect of X-
terminal parasitic capacitance, it does not appear since X-terminals of all CCCIIs are 
grounded. The effect of Y and Z terminal capacitances of CCCII does contribute to 
adding up to the external capacitors (Ci and C2). The Y-terminal capacitance of CCCIIl 
and Z- (numbered as 2) capacitance of CCCII3 appear in shunt with Ci hence adding to 
it. Similarly, Z-terminal (numbered as 1) capacitance of CCCIIl, Y and Z- capacitance of 
CCCII2, Y and Z+ (numbered as 1) capacitance of CCCII3, all appear in shunt with C2, 
hence adding to it. However, the shift in FO due to these can b compensated by adjusting 
the bias currents of the CCCIIs. 
5.4.3 Simulation results 
The TCQO-III circuit was verified using PSPICE simulations with the same CCCII 
implementation and parameters as in earlier sections. The circuit was designed with 
Ci=C2=10nF, Ioi=Io3=100na. I02 is set at 91.6\ia to satisfy the CO. The simulated 
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waveforms for the four-quadrature current outputs are shown in Figure 5.10a. The FO 
obtained is 140KHz. The two voltage mode quadrature outputs are also shown in figure 
5.10b. The outputs are found to show a total harmonic distortion (THD) of within 2%. 
The FO is found to vary from 119KHz at Ioi=50na to 307BCHz at Ioi=500p.a, that shows a 
reasonable variation with the single bias current. 
5.5 Oscillator Realization using First Order APS 
A scheme for thr the realization of sinusoidal oscillators is the use of a first order all-
pass section (APS) and an integrator in closed loop. The basic block diagram of the 
scheme is shown in Figure 5.11. The loop gain of the system is A(s).B(s) is as: 
\-Ais)Bis) = 0 (5.21) 
The system characteristic equation is as: 
s^+bs-cs + ac=0 (5.22) 
Replacing s=jcOo and equating real and imaginary parts on the two sides yields the 
frequency of oscillation (FO) and condition of oscillation (CO) as: 
FO: o}^=4ac, CO: c>b (5.23) 
From equation (5.23), h is seen that FO can be set independent of CO by controlling 'a', 
whereas, CO can be maintained independent of FO by controlling 'b'. This scheme of 
oscillator realization is simple as the two basic blocks: first order APS and the integrator 
can be realized using a small component count. Using this scheme, three novel 
quadrature oscillator circuits using the APSs of Chapter 3 are introduced in the sections 
5.6 to 5.8 below. 
162 
a o.E+oo 
5.250E-05, 5.750E-05, 6.250B-05, 6.750E-05, 7.250E-05, 
Time (sec.) 
Figure 5.10a Four phase quadrature current outputs of TCQO-III 
5.250E-05, 5.750E-05, 6.250Er05, 6.750&05, 7.250E-05, 
Time (sec.) 
Figure 5.10b Two quadrature voltage outputs of TCQO-III 
163 
s-a 
s+b 
Bis) = -
s 
Figure 5.11 Basic scheme of oscillator realization using APS 
164 
5.6 Translinear-C Quadrature Oscillator-IV (TCQO-IV) 
5.6.1 Circuit using APS-7 
The current-mode APS of Figure 3.7b (APS-7) is used along with a current-mode 
integrator [36] for the realization of current-mode quadrature oscillator. The resulting 
circuit of TCQO-IV is shown in Figure 5.12 and has the characteristic equations as: 
5 ^ + 5 [ - i - + ^ ^ ^ ^ i ^ —] + ? = 0 (5.24) 
equating the real and imaginary parts on the two sides after replacing s=j(Oo yields the FO 
and CO as below. 
FO: co„ = -j==J =, C O : ^ > (2 + ^ ) (5.25) 
From equation (5.25), the FO and CO can be set by varying the bias currents of the two 
Cecils. It is found that two quadrature (90° shifted) outputs are obtained as la and lb 
whereas lb and Ic are 60° apart. The quadrature outputs are related as lb = (jrooRx2C2)Ia-
The amplitudes of the two-quadrature output may differ depending upon the multiplying 
factor in the relation. 
5.6.2 Non-ideal study 
The TCQO-IV circuit is analyzed for the CCCII non-ideal current and voltage 
transfer gains and the non-ideal characteristic equation is found as: 
The modified FO and CO becomes: 
(5.26) 
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The sensitivity of FO to the passive and active elements are analyzed and found within 
0.5 in magnitude that shows good sensitivity performance of the TCQO-IV. 
5.6.3 Design and simulations 
The TCQO-IV was designed for FO value 425KHz, taking Ci = C2 = Inf The two 
bias currents, so as also to satisfy the CO, are taken as Ioi=20|iA and Io2=62[iA. The 
circuit was simulated using the CCCII implementation and parameters as used in earlier 
sections. The simulated responses are shown in Figure 5.13 .The FO is found as 430KHz 
that closely match the designed value of FO. The two outputs la and lb are quadrature 
whereas, lb and Ic are 60° apart. The outputs show a total harmonic distortion (THD) 
within 2% that is a moderate THD performance. Thus, the circuit of TCQO-IV based on 
the APS-10 of chapter 3 is verified. 
5.7 Translinear-C Quadrature Osciilator-V (TCQO-V) 
5.7.1 Another circuit using APS-7 
The next quadrature oscillator circuit is also based on the APS-7 of Figure 3.7b, but 
differs from the TCQO-IV in employing an additional CCCII, but enjoying non-
interactive control of FO and CO. The circuit of TCQO-V is shown in Figure 5.14. The 
circuit analysis yields the following characteristic equation. 
s \ ^ + ^ ) + s(-l S ) + 1 = 0 (528) 
The FO and CO are found as follows: 
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FO:co„= , ^ CO:R,,C,>R,,q (5.29) 
If the two capacitors are taken equal, then the CO can be easily met just by varying the 
bias current Io3 or loi- The FO can be controlled independent of CO by varying I02. The 
quadrature outputs are related as Ib=C®oRx3C2)Ia. However, it is not possible to make 
their amplitudes equal keeping in view the FO expression and the multiplying factor in 
the relation of two currents. Two additional outputs can be obtained if CCCII with 
additional outputs (Z- for CCCII3 and Z+ for CCCII2) are used. These outputs (!«and Id) 
are phase inverted with la and lb respectively thus giving a total of four outputs. 
5.7.2 Non-ideal study 
The non-ideal characteristic equation for the TCQO-V is as follows. 
The non-ideal FO and CO is as: 
'R,2 /?^i ^x\^x2 KxKlKi^l K\K2^xi^2 
'^•^•ic,C,R7RMR.y '^'^«.A^..C,.«,a.AA,C, (5.3.) 
The sensitivity of FO to active and passive elements are analyzed and found within unity 
in magnitude that represents a good sensitivity performance. Thus the TCQO-V also 
enjoys good sensitivity performance. 
5.7.3 Design and simulations 
The TCQO-V circuit was designed for FO of llOKHz. The designed values were 
Ci=C2=lnF. The bias currents of CCCIIs were I^ = 20[iA, I02 = lO^iA. The CO was set 
with Io3=19.2(ia. The simulated responses are shown in Figure 5.15 that shows four 
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outputs with a progressive phase shift of 90°. The FO obtained from the results is found 
as lOSKHz that closely match the designed value. All the outputs show a THD of within 
1% that is a good THD performance. Thus, the circuit of TCQO-V is verified. 
5.8 Translinear-C Quadrature Oscillator-VI (TCQO-VI) 
5.8.1 Circuit using APS-2 
Next of the oscillator circuits is based on the translinear conveyor version of CCII 
based voltage-mode APS (APS-2). In the circuit of APS-2, the resistor R is also replaced 
by its CCCII equivalent. An integrator (CCCII3 and C2) is connected in feedback loop 
along with a voltage to current converter (CCCII4). Thus the resulting oscillator circuit 
requires four CCClIs and two capacitors. The circuit of TCQO-VI is shown in Figure 
5.16. The circuit analysis yields the following characteristic equation. 
S\-L + -L + JL.) + S( ) + ^—:—= 0 (5.32) 
The FO and the CO can be found as: 
FO: CO, = ^^^ , CO: R,,q > R,yC, (5.33) 
The CO can be simplified with Ci=C2, so as to be controllable with either I02 or I03 The 
FO can be controlled with loi and/or I04. The two quadrature voltage outputs obtained are 
related as V2 = JCO0RX3C2V1. Thus, the two outputs are phase shifted by 90°. The amplitude 
of the two can be made equal v^th appropriate design such that the product (CO0RX3C2) is 
made unity. 
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Figure 5.16 Translinear-C Quadrature oscillator-VI (TCQO-Vl) 
173 
5.8.2 Non-ideal study 
The TCQO-VI is analyzed for the CCCIl non-idealities namely, the current and 
voltage transfer gains and the modified FO and CO is found as: 
a,a,p,p,pjy±a^)R^ FO: CO = 
Ca a,fi,j3,R,,q > a,fi,R,,C, (5.34) 
The sensitivity of FO to active and passive elements are analyzed and found within unity 
in magnitude, thus ensuring good sensitivity performance for the TCQO-VI. 
5.8.3 Design and simulations 
The TCQO-VI circuit was verified using simulations. The circuit was designed for a 
fi-equency of 140KHz. The designed values were as Ci=C2=lnF, Ioi=40|aA, 
Io2=Io3=Io4=10|aA. However, Io3 was adjusted so as to obtain sustained oscillations. The 
two quadrature voltage outputs of the circuit TCQO-VI are shovra in Figure 5.17 that 
gives the oscillation frequency as 137KHz that closely match the designed value. The 
THD in the outputs are within 1% showing good THD performance. The TCQO-VI is 
thus verified. 
5.9 Oscillator Realization using Band-pass Filter 
Another scheme of oscillator realization consists of a second order non-inverting 
band-pass filter with pass-band gain "k" with its output feedback to the input node (with 
input made zero). The resulting scheme is shown in Figure 5.18 and has the system 
characteristic equation as: 
s^+s{b-k) + a = 0 (5.35) 
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The frequency of oscillation (FO) and the condition of oscillation (CO) can be 
obtained by replacing s=j(Oo and equating real and imaginary parts on both sides as: 
Fa (0,=4a ; Ca k>b (5.36) 
5.9.1 TCQO-VII 
The TCQO-VII based on the current-mode band-pass filter (UBF-II of Chapter 4) 
is shown in Figure 5.19. The circuit of UBF-II realizes a unity gain non-inverting band-
pass function. The CCCII3 of UBF-II, which was employed to obtain two equal input 
currents, is not required for the oscillator realization. However, in order to realize an 
oscillator circuit, an additional current amplifier is to be employed. The TCQO-VII thus 
consists of two blocks: CCCII (1&2) along with two capacitors forming the band-pass 
filter (UBF-II) and CCCII (3&4) forming the required current amplifier realizing factor 
'k' of equation (5.36). The circuit characteristic equation taking into account the non-
idealities of CCCII is given as: 
a,j3,R,,R^A R,,c: R,,R,,C,C, ^" ^ 
The FO and CO are: 
^^ •' """^IRSICIC,' ^^- «3A^^4^«,«2Ai?.3 (5.38) 
The four quadrature current outputs are related as 
L = jklh, Ic = -la.^d = -/* (where,k = (O^R.^^C^) (5.39) 
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Similarly, two quadraure voltage outputs are also obtained that are related as Vi=-
JCO0RX1C2V2. thus the circuit provides four quadrature current and tv^o quadrature voltage 
outputs simultaneously. The equations (5.37) and (5.38) with unity voltage and current 
transfers (p and a) of CCCIIs, result in the ideal expressions for the TCQO-VII. The 
active and passive sensitivities of FO are analyzed and found within 0.5 in magnitude, 
thus representing good sensitivity performance. It is further to be noted that loi and/or I02 
can control the FO independent of CO. Similarly, CO can be set independent of FO by I03 
orIo4. 
To verify the validity of the theory presented above, the TCQO-VII was designed 
for FO as 122KHz. The designed values were as Ci=C2=lnF, Ioi=Io2=10|j,A. The CO was 
set with lo4, keeping Io3=10|4,A. The four quadrature outputs obtained are shown in Figure 
5.20. The outputs show a frequency of 119KHz that closely match the designed value. 
The THD performance of the circuit was also studied at different FO by varying the bias 
currents loi and I02. The results are shown in Figure 5.21 for FO and THD variation with 
the two bias currents. The FO is found to vary from 120KHz at Ioi=Io2=10|aA to 3.45MHz 
at Ioi=Io2=500^A with the THD remaining below 1% or slightly above 1% for all the 
values. The dual bias current control gives a wider frequency variation, two-decade 
frequency variation with two decade current, as evident from the Figure 5.21. 
5.9.2 TCQO-VIII 
Another translinear-C quadrature oscillator (TCQO-VIII) using band-pass filter is 
proposed. The circuit is based on the UBF-I of Chapter 4. The CCCII 1&2 along with 
two capacitors form the UBF-I and a current amplifier in form of CCCII 3&4 is cascaded 
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from the band-pass output back to the UBF-I input node (with input made zero). The 
resulting circuit is shown in Figure 5.22. The circuit of TCQO-VIII is analyzed taking 
into consideration the CCCII non-ideal voltage and current transfer gains and the 
characteristic equation found as: 
2^ , r a A a^M.M.i., Q : I «2AA _ Q (540) 
The FO and CO are found as: 
P^- ""--iTfrr^ ^^- cc,M^,>a,fi,R,, (5.41) 
From equation (5.41), it is clear that, loi and/or Io2 can control FO independent of CO. 
Similarly, either Io3 or U can set the CO independent of FO. The active and passive 
sensitivity of FO is analyzed and found within 0.5 in magnitude, thus ensuring a good 
sensitivity performance for the TCQO-VIII as well. The four quadrature current outputs 
are related as: 
4 = jkl„ 4 = - / , , / , = - / , {where,k = co,R,,C,) (5.42) 
The two quadrature voltage outputs are also obtained as shown in the circuit and are 
related as Vi=-ja)oRxiC2V2. Thus the TCQO-VIII provides four quadrature currents and 
two quadrature voltage outputs simultaneously like the TCQO-VII. The circuit of TCQO-
VIII was also simulated and found to exhibit results similar to the circuit of TCQO-VII. 
5.10 Third Order Oscillator Realization 
5.10.1 Basic scheme 
The circuits proposed so far in the chapter were all second order oscillator circuits 
that are characterized by a second order characteristic equation. Here, a translinear-C 
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Figure 5.22 TCQO-VIII using UBF-I and a current amplifier 
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quadrature oscillator of third order is proposed. The basic block diagram of Figure 5.23 
consists of A(s) representing the voltage ratio transfer function of the feed forward part of 
the circuit and B(s), the transfer function for the feedback circuit. The loop-gain (LG) is 
the product A(s)B(s). The characteristic equation for the system is: 
\-A{s)B{s)=Q (5.43) 
Equation (5.43) can be used to determine the time domain behavior of the system by 
studying the roots of the equation [113]. For a third order sinusoidal oscillator, the 
characteristic equation is: 
a^s^ + fl,.y^ +a^s + a^=0 (5.44) 
At s=ja)o, the above equation can be satisfied only if both the real and imaginary parts 
vanish, thus resulting in the following: 
-ty/fl,+^3=0; -Q;„^ao+fl2=0 (5.45) 
From equation (5.45), we get: 
(^ o^  =—=— => flja, -ao«3 = 0 (5.46) 
«i a. 
Equation (5.46) gives both the frequency of oscillation and condition of oscillation of the 
third order oscillator. 
5.10.2 TCQO-IX circuit description 
The basic block diagram of the third order translinear-C quadrature oscillator 
(TCQO-IX) based on the above discussed principle is shown in Figure 5.24 which 
consists of a second order low-pass filter as A(s) and an inverting integrator as B(s) of the 
Figure 5.23. The circuit of TCQO-IX is shown in Figure 5.25a. The CCCII(l-3) along 
with Ci and C2 realize a new second order low-pass filter and CCCII(4), C3 the inverting 
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Figure 5.23 Basic block diagram of sinusoidal oscillator 
Low-
pass 
biquad 
Inverting 
integrator 
Figure 5.24 Basic scheme for third order oscillator 
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Figure 5.25b Phaser diagram showing quadrature current outputs 
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integrator. Routine analysis of the circuit yields the following third order characteristic 
equation of the form (5.44) with the following coefficients.. 
a, = R,,R,,R,^QC,q,;a, = R,,R^C,C,;a, = R,,C,;a, = 1 (5.47) 
Here, Rxs=(Rx2+Rx3), the condition of oscillation (CO) and frequency of oscillation (FO) 
can be found using equation (5.45) and (5.46) as: 
CO:R,,q=R,,C,; FO: co„= ^-^-j^^ (5.48) 
It is to be noted from equation (5.48) that FO can be controlled independent of CO by 
varying Rxs , which means by varying either I02 or/and I03. This feature also provides a 
wide tunability to the oscillator circuit. CO can be controlled independent of FO by bias 
currents loi and I04. The four quadrature current outputs depicted as Figure 5.25b are 
related as: 
/ , = - / „ I, = jkl, {where,k = coX^C,), I, = - / , (5.49) 
For k=l, all the four quadrature outputs have equal amplitude as well. All the outputs are 
at the high impedance Z-terminal of CCCII, thus ensuring current outputs that require no 
additional current followers to be sensed. It is further to be noted that two quadrature 
voltage outputs are obtained at the nodes Q and P forming an inverting integrator. 
5.10.3 Non-ideal study 
The TCQO-IX is analyzed for the CCCII non-idealities and the non-ideal 
characteristic equation coefficients are found as 
The non-ideal CO and FO become 
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CO: aJ,fi,K,Q = fi,R^,C,; FO: co, = \^ff^/' ^^ '^  ^ ^ 
Here, the indices to the current and voUage transfer gains refer to the respective CCCII. 
For CCCII(4) the factor of current transfer gain appearing above is for the Z- terminal 
connected to node P. The CO and FO are modified but as the transfer gains are unity till 
tens of MHz, the circuit performance is negligibly affected. The active and passive 
sensitivities of FO are analyzed and found within 0.5 in magnitude, thus ensuring a good 
sensitivity performance of the circuit. 
5.10.4 Design and simulation 
The third order TCQO-IX of Figure 5.25a was simulated using the same 
implementation and parameters of CCCII as in earlier sections. The circuit was designed 
with Ci=C2=C3=lnF. The bias currents were taken as Io2 = Io3 = 200|iA, Io4 = lOO^A, and 
loi was varied to satisfy the CO so as obtain the sustained oscillations. The design 
frequency using these values is 1.22MHz. The results obtained from simulations are 
shown in Figure 5.26 that show a frequency of 1.14MHz that closely matches the 
designed value. The results show four quadrature current outputs of equal amplitude, 
which is approximately 65|iA. The amplitude represents a value suitable for current-
mode signal processing applications. An important feature of the third order TCQO-VII 
circuit is the low value of THD. The measured THD at all the four outputs are smaller 
than 1% that represents a very good THD performance keeping in view the FO, that is 
more than 1 MHz. The tuning aspect of the circuit is next studied by varying I02, keeping 
Io3 fixed at 200^A. The FO is found to vary from 0.386MHz at Io2=10nA to 1.47MHz at 
Io2=1000 i^A.which shows a four fold variation in FO for two decade variation in I02. The 
results of this FO control are given in Figure 5.27. For obtaining even larger variations in 
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Figure 5.26 Four-phase quadrature current outputs of TCQO-IX 
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Figure 5.27 FO variation with Io2 for Io3=200^A 
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FO, Io3 can next be varied keeping I02 fixed at a value. Alternatively the two currents (I02 
and I03) can also be varied simultaneously as none of these current appear in CO 
expression. The double bias current control of FO gives a wider tunability to the circuit of 
TCQO-IX. 
5.11 Comparative Study of TCQOs 
The proposed translinear-C quadrature oscillator circuits using different schemes 
can be compared on the basis of the performance features listed below. 
(i) The number of CCCIIs employed. 
(ii) Use of grounded capacitors. 
(iii) Non-interactive control of FO and/or CO. 
(iv) Number of quadrature current outputs generated. 
(v) Number of quadrature voltage outputs generated. 
(vi) Availability (or possibility by employing multiple output CCCIIs) of all 
explicit current outputs, that is, at high impedance. 
(vii) Active and passive sensitivity figures. 
The Table 5.1 that follows compares all the nine proposed quadrature oscillators on 
the basis of the above listed performance features. 
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Table 5.1 Performance comparisons of TCQOs 
Feature—>• 
TCQO-I 
TCQO-II 
TCQO-IIl 
TCQO-IV 
TCQO-V 
TCQO-VI 
TCQO-VII 
TCQO-VIII 
TCQO-IX 
(i) 
2 
3 
3 
2 
3 
4 
4 
4 
4 
(ii) 
Yes 
Yes 
Yes 
No 
No 
No 
Yes 
Yes 
Yes 
(iii) 
No 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
(iv) 
3 
3 
4 
2 
4 
. . . 
4 
4 
4 
(V) 
2 
2 
2 
2 
2 
2 
2 
2 
2 
(vi) 
No 
No 
Yes 
No 
Yes 
— 
Yes 
Yes 
Yes 
(vii) 
Low 
Low 
Low 
Low 
Low 
Low 
Low 
Low 
Low 
It is to be noted that TCQO-I does not enjoy non-interactive control of FO and 
CO (feature no. iii), which is quite justified keeping in view a minimum active 
component count (feature no. i). Similarly TCQO-II (the same applies to TCQO-I as 
well) does not enjoy feature (iii). In TCQO-II, two of the outputs la and Ic (Figure 5.4) 
that are the X and Z- terminal currents of CCCIII can be obtained at high impedance with 
additional Z+ and Z- outputs, but lb, the current through Ci (for TCQO-I, it is C2) 
requires additional current follower for the purpose, leaving the capacitor ungrounded. 
However, keeping in view the other advantageous features offered by the TCQO-II, 
which also includes the feature no. (i) (use of three single output CCCIIs), it should not 
be seen as a serous drawback. Next, the TCQO-III with all the listed positive features is 
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the better choice amongst the first three circuits (TCQOI - III), which fall in the category 
of second order sinusoidal oscillators. Besides enjoying non-interactive control of FO and 
CO (unlike TCQO-I), and explicit current outputs (unlike TCQO-II), the TCQO-III 
provides four quadrature outputs (as against three for TCQO-I, II). The circuits of 
TCQO-IV and TCQO-V are based on CM-APSs. TCQO-IV with only two CCCIIs does 
not enjoy non-interactive tuning, which is justified keeping in view the component count, 
whereas, TCQO-V with three CCCIIs does enjoy this feature. TCQO-VI differs from 
TCQO-IV and V in using a VM-APS and provides two quadrature voltage outputs with 
non-interactive FO and CO control. TCQO-VII and TCQO-VIII with four CCCIIs each 
enjoy all the features including the use of grounded capacitors, non-interactive controls, 
four high impedance current outputs, two quadrature outputs and importantly dual 
frequency control by two currents giving a wider variation. Lastly, the TCQO-IX, which 
differs from the rest in being a third order oscillator, also enjoys all the features. The use 
of four CCCIIs, is quite justified keeping in view the core of the TCQO-IV circuit (a third 
order oscillator). One of the features not listed in Table 5.1 is the capacitor count, which 
is minimum in all. The eight circuits, which are second order oscillators employ two 
whereas the last one (a third order oscillator), quite justifiably employ three. 
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CHAPTER - 6 
APPLICATIONS OF CDBA AND NEW CURRENT 
CONTROLLED CDBA (CCCDBA) 
The first half of this chapter' is devoted to the study of some applications of the 
relatively new active element current differencing buffered amplifier (CDBA) discussed 
in Chapter-1. Section 6.1 presents a novel universal biquadratic filter using two CDBAs, 
which realizes six filter functions [PI2]. Section 6.2 presents a quadrature oscillator 
circuit using two CDBAs. The circuit can realize two quadrature current and two 
quadrature voltage outputs simultaneously [PI3]. Macro-model of the CDBA is also 
proposed and used to verify the filters and oscillator circuits of section 6.1 and 6.2. The 
other half of the chapter' is devoted to the study of some applications of the newly 
introduced active element (presented in Chapter-2): current controlled current 
differencing buffered amplifier (CCCDBA). Section 6.3 presents a tunable inductance 
simulator employing two CCCDBAs. Based on this inductance simulator multifunctional 
biquadratic filters (MFFs) are proposed in the subsequent sections. Sections 6.4 to 6.8 
present five such circuits, each capable of realizing a band-pass and either a low-pass or a 
high-pass function [P3]. The circuits are studied for the CCCDBA non-idealities. Design 
and verification of some of these multifunctional filters using the suggested bipolar 
implementation of the CCCDBA is also given. Section 6.9 sums up the proposed MFFs, 
along with some additional aspects like deriving active-C MFFs. 
' The material presented in this chapter is based on Authors' papers [P3], [PI2], [PI3]. 
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6.1 Voltage-mode Universal Biquadratic Filter using Two CDBAs 
Ever since its introduction, CDBA has been used for realizing filter circuits [39, 
104-106]. A current-mode universal filter using two CDBAs and MOSFETs was first 
reported [104]. Another current-mode KHN biquad was proposed that employed three 
CDBAs and eight passive components [105]. More recently a voltage-mode single input, 
single output universal biquad was reported that employed two CDBAs and six-eight 
passive components to realize different filter functions [106]. Here, a novel four input-
single output voltage-mode universal filter using two CDBAs and six passive 
components is proposed and verified using the suggested macro-model of CDBA. 
6.1.1 Circuit description 
A current differencing buffered amplifier (CDBA) symbol and its suggested 
macro-model is given in Figure 6.1. The CDBA (discussed in chapter 1) is characterized 
by the following terminal relationship. 
V^=V„^0,iI,-I„)-L, K,=n (6.1) 
In a CDBA, P and N are the two current input terminals at ground potential and the 
output current at Z terminal is the difference of the two input currents as given in Eq. 
(6.1). Moreover, the voltage at Z terminal is also available at the buffered output terminal 
W. The proposed voltage-mode universal filter (VMUF) is shown in Figure 6.2. Routine 
analysis using equation (6.1) yields the following single output voltage. 
„2T S rr S ,, 1 
Rq R,Q ' R2RAC2 
K= Y^ 1 ' ' ' ' (6.2) 
s + + 
RCi RiR^C^C^ 
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Figure 6.1 SPICE macro-model of CDBA 
193 
V3 
V2 
Figure 6.2. Proposed VMUF circuit 
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Filter parameters are as: 
6; = , ^ e = i ? - ^ (6.3) 
Specialization of the numerator in Eq. (6.2) results in the following filter 
functions. 
(i) Vi = Vin, V2 = V3 = V4 = 0: HP with unity gain 
(ii) V2 = Vin, Vi = V3 = V4 = 0: NBP with unity gain 
(iii) V3 = Vin, Vi = V2 = V4 = 0: IBP with gain (R/R2) 
(iv) V4 = Vin, Vi = V2 = V3 = 0: LP with gain (R1/R3) 
(v) V1 = V4 = Vin, V2 = V3 = 0: BE with unity gain if Ri = R3 
(vi) Vi = V3 = V4 = Vin, V2 = 0: AP if Ri = R3 and R = R2 
Thus the new CDBA based universal filter realizes six responses. It is to be seen from 
above that two BP responses (a unity gain non-inverting and a controlled gain inverting) 
are obtained. Similarly LP response with controllable gain is obtained. Moreover from 
Eq. (6.3) it is clear that independent tuning of pole-Q (by controlling R) and pole-Wo (by 
equal valued R, Ri and R2) is achievable. Realization of band-elimination and all-pass 
responses requires resistive matching. However, it is to be noted that tuning which is so 
important for BE response is not affected by the imposed matching condition as pole - Q 
can still be controlled independent of pole - WQ by controlling only the resistor R. 
Similarly the pole - Wo can also be controlled independent of pole - Q by taking all four 
resistors of equal value. It is to be further noted that the realization of AP response does 
not require additional active device for voltage inversion. 
6.1.2 Non-ideal study 
A non-ideal CDBA is characterized by the following relationship. 
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Vr = K-0, ia^I^-aJ„) = L, K.=fiK (6.4) 
Here, Up and an are the current transfer gains from P and N terminals to Z terminal 
respectively. P is the voltage transfer gain from Z to W terminal. These gains differ from 
unity by the transfer errors, which are desired to be small. Analysis of VMUF using 
above equation results in the following single output voltage expression. 
RCf A1A2C1C2 
The non-ideal filter parameters become. 
\a„iap2pA „_ „ \a„,ap2P,PA 
The filter gains become as: 
HHP = 1 .^ . . =^, \H,BP\ = cc^AP^^ ^m' = A (6.7) 
^3 Rj 
The condition for realizing the BE response remain same as in ideal case (Ri=R3), 
whereas, the condition for AP response is modified as R2 = RCttniPz). The incremental 
sensitivities of filter parameters to active and passive elements are also analyzed and 
found within unity in magnitude, thus, suggesting a good sensitivity performance of the 
VMUF circuit. 
6.1.3 Design and verification 
The presented VMUF circuit was simulated using PSPICE with macro-model of 
CDBA as shown in Figure 6.1, taking the value of various parasitics as Rp = Rn = Rw = 
100 ohms, Rz = lOMohms, and Cz = 4pF. The universal filter was designed for Q = 1 and 
cutoff frequency as 15.9KHz by taking R, = R2 = R3 = R = lOKohms and C, = C2 = InF. 
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The gain plots for LP, NBP, HP and BE filter functions are shown in figure 6.3 and agree 
well with the designed values. Similarly the frequency response for AP function, both for 
gain and phase is shown in Figure 6.4 and is in conformity with the theory. Next Q tuning 
of NBP filter at constant center frequency of 15.9KHz is shown in Figure 6.5. The circuit 
was designed for Q values of 1, 5 and 10 with R-values as lOK, 5 OK and lOOK 
respectively, other component values remaining same as in earlier designs. The results 
shown in Figures 6.3 to 6.5 verify the CDBA based VMUF circuit. 
6.2 Quadrature Oscillator using Two CDBAs 
6.2.1 Proposed Circuit 
The CDBA is next used for realizing a novel quadrature oscillator with single 
resistor control property. The circuit with two CDBAs and five passive elements is shown 
in Figure 6.6. The circuit can be analyzed using eqn. (6.1) for the characteristic equation 
as follows. 
s'+s{— —) + i =0 (6.8) 
RC2 -^1^2 A1/V2C1C2 
The condition of oscillation (CO) and frequency of oscillation (FO) can be obtained 
from equation (6.8) as. 
CO: R>R„ FO: / , = , ^ (6.9) 
2fr^R,R,qC, ' 
Equation (6.9) shows that R can control CO independent of FO, and the FO can be 
controlled independent of CO by resistor R2. In practice R is to be kept slightly higher 
than Ri for obtaining sustained oscillations. Thus Ri can be taken as fixed resistor, R and 
R2 can be made variable to set the CO and FO respectively independent of each other. 
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Figure 6.3 Gain plots of LP, HP, NBP and BE filters for 
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Figure 6.5 Q tuning (Q-1,5 and 10) of NBP filter at fo=15.9KHz 
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Figure 6.6 CDBA based quadrature oscillator 
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Thus the circuit enjoys single resistor control property making it a single resistor 
controlled oscillator (SRCO). The two outputs marked Voi and V02 are found to exhibit 
the following relationship. 
v„,=j{o}R,q)K, (6.10) 
Equation (6.10) shows that the two outputs will be shifted in phase by 90° thus 
providing quadrature property to the proposed circuit. Moreover the amplitudes of the 
two outputs will also be equal for co = 1/RiCi. It is also to be noted that two separate 
quadrature current outputs are also obtained across R and C2. 
6.2.2 Non-ideal analysis 
The CDBA based quadrature oscillator circuit of Figure 6.6 is analyzed for the 
non-idealities of the CDBA using eqn. (6.4). The modified (non-ideal) characteristic eqn. 
of the circuit is found as: 
,^+,(J__^£l^£i^) + ^ i l f £ M = o (6.11) 
RC2 -^1^2 A1A2C1C2 
The non-ideal FO and CO becomes. 
CO: R ^ — ^ , FO: f^ = ±pf^ (6.12) 
If the current transfers (ttp and an) are taken as a, for sake of simplicity, then the CO and 
FO expressions are simplified as: 
CO: i?>-A_, fo: /„ = - ! l^MK (6.13) 
In either case, the sensitivity of FO to active and passive components is within 0.5 in 
magnitude. Thus the CDBA based SRCO also enjoys good sensitivity performance. 
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6.2.3 Design and verification 
The CDBA was simulated using the model of Figure 6.1. The SRCO of Figure 6.6 
was designed for a frequency of oscillation lOOKHz. The designed values were as Ci = 
C2 = lOOpF, R = Ri = R2 = 15.9K. PSPICE simulation results are shown in Figure 6.7a 
and 6.7b. Figure 6.7a shows the two voltage outputs shifted in phase by 90°. Similarly, 
Figure 6.7b shows 90° phase-shifted current outputs. The observed frequency of 
oscillation is 98.1 KHz that closely match the designed value of lOOKHz. Figure 6.8 
shows the single resistor frequency control for the above designed values with a variable 
R2. 
6.3 Current-mode Multifunctional Filters using Two CCCDBA 
The current controlled current differencing buffered amplifier, named CCCDBA was 
introduced in Chapter-2 as an active element that enjoys current conveying property of 
current conveyors, buffered output advantage of current feedback operational amplifiers 
and electronic tunability of current controlled conveyors. The implementation and the 
performance aspects of the CCCDBA were also explored in Chapter-2. Here, some novel 
current-mode multifvmctional fiUer circuits employing two CCCDBAs, and three passive 
elements are proposed, each of them providing band-pass and low-pass / high-pass 
responses. The circuits are based on a new tunable inductance simulator circuit as shown 
in Figure 6.9. Circuit analysis yields the following input impedance looking into the Z-
terminal of CCCDBA 1. 
Z,„ = 5(i?„, + K^){R^^ + R^,)C (6.14) 
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Figure 6.7a Quadrature voltage outputs for CDBA based SRCO 
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Figure 6.7b Quadrature current outputs for CDBA based SRCO 
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Figure 6.9 Tunable Inductance simulator using CCCDBAs 
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Here, Rwi and Rw2 are the output resistance of the buffered output (W), and is low, as 
evidenced in the simulations given in Chapter-2. With this assumption, the simplified 
expression for Z,n becomes: 
Z,„=s{R„,R^,C) (6.15) 
Thus, the circuit of Figure 6.9 realizes an inductance of value (RniRp2C). The value of 
the inductance realized is current controllable and can be controlled by loi and/or I02, the 
bias current of the two CCCDBAs. It is to be noted that, if the Z-terminal of 
CCCBDA(l) is terminated with capacitor ' C , instead of CCCDBA(2), then looking into 
the Z-terminal of CCCDBA(2), still realize an inductance of value given in equation 
(6.15). Thus the circuit of Figure 6.9 exhibits reciprocity. The sections that follow uses 
the proposed inductance simulator(s) to realize current mode multifunctional filter 
circuits. The basic scheme used is the standard RLC resonator formed by the proposed 
inductance simulator, additional capacitor and one resistor. Different topologies are 
obtained by injecting input current at different nodes in the circuitry. 
6.4 Multifunctional Filter-1 (MFF-1) 
6.4.1 Circuit description 
The first of the proposed multifunctional filter (MFF-1) using two CCCDBAs is 
shown in Figure 6.10. The CCCDBA is charactrised by the following relationship. 
Vp = IpRp^ K = I A; / , = / , - / „ ; F, = K (6.16) 
Here, the P and N terminal resistances are related to the bias currents of CCCDBA as per 
relation Rp,n=VT/2Io. The MFF-1 circuit is analyzed using the above relationship to yield 
the following current transfer functions. 
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Figure 6.10 Current-mode MFF-1 using two CCCDBAs 
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hinL = i[I£i (6.17) 
/,„ s'+slRC^+\IR,^R„,C,C^ 
It is to be noted that the circuit simultaneously provide two additional current 
transfer functions given as: 
/^, _ -{RIR^,)slRC, 
I,„ s'+s/RC,+\/R,,R„,qC, 
/c2_ I 
(6.18) 
(6.19) 
/,„ s'+s/RC^+l/Rp:,R„,qC^ 
Here, Rp2 is the P terminal resistance of CCCDBA(2) and Rni is the N terminal 
resistance of CCCDBA(l). It is clear that the pole - Wo of the band-pass filter can be 
adjusted by varying the parasitic resistance with external bias currents of the CCCDBAs. 
As compared to the band-pass filter based on current controlled conveyors (CCClIs) of 
ref [18], the new active element based circuit offers independent tuning of filter pole-Wo 
and pole-Q. Similarly, when compared to another recently reported circuit using CCCIIs, 
the new bandpass filter enjoys the orthogonal tuning of pole- Wo and pole-Q and unity 
pass band gain [78]. It is also to be noted that a high pass filter is simultaneously realized 
across the C2 and an additional inverting band-pass filter is obtained across Ci with a 
pass-band gain R/Rpa. These features are additional to the above-mentioned advantage of 
the circuit though the circuit complexity of CCCDBA is more as compared to the CCCIIs 
used in other works [18,78]. The circuit complexity and hence the silicon area required 
for IC realizations of the proposed band-pass filter is better compared to one of the other 
reported band-pass filter with orthogonal control of filter parameters employing four 
CCCIIs and three passive components [107]. 
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6.4.2 Non-ideal transfer functions 
The non-ideal CCCDBA is characterized by Iz = (apip - Onln), where, Op and an 
deviate from unity by the transfer errors and Vw = pVz , where, |3 deviate from unity by 
the vohage transfer error. The MFF-1 of Figure 6.10 is analyzed for these non-idealities 
of the CCCDBA and the transfer functions given as: 
' IMI 
L 
/ M 
L 
s' 
-s^ 
ITL. 
+ slRCj 
-a 
' +S/RC2 
sIRC^ 
+ OCn\(^p2pA'Rp2Kx 
MRIR^,)slRC, 
•^cc„,a^,P,P,IR,,R 
s' 
C,Q 
cc 
(6.20) 
(6.21) 
(6.22) 
4 s' +S/RC, +a„,a^,P,P,IR,,,R„,C,C, 
Here, indexes 1 and 2 refer to CCCDBAl and CCCDBA2 respectively. It is seen from 
equations (6.20-6.22) that the pole-Wo is slightly affected as a result of non-unity current 
and voltage transfer gains. For Ici the pass-band gain is also affected. However, the 
sensitivities of poIe-Wo and pole-Q to transfer gain is found to be 0.5 in magnitude and 
the sensitivity of filter gain for Ici to these transfer gains is within unity in magnitude that 
represents a low value. Thus the circuit enjoys good sensitivity performance. 
6.4.3 Design and verification 
The proposed CCCDBA was simulated using transistor NRIOON and PRIOON 
parameters [38] with supply voltage ±2.5 volts. The current-mode multiftinctional filter 
of Figure 6.10 was designed for varying pole-Wo. The designed values were C, = C2 = 
lOnF, R = IKohms. Id and I02 were varied from 100^A to 150^A in steps of 25^A to 
obtain frequency tuning in the range from lOOKHz to 150KHz. The center frequency 
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tuning of the current mode band-pass filter circuit by bias current variation of CCCDBAs 
is shown in Figure 6.11 and verify the circuit of MFF-1. 
6.5 Multifunctional Filter- 2 (MFF-2) 
6.5.1 Circuit description 
The second multifunctional filter circuit (MFF-2) is shown in Figure 6.12 and has 
the transfer functions as: 
4 . _ -slRC, 
7^ , _ {RIR^,)slRC, 
I,„ s^+s/RC^+l/Rp^K^QC, 
in, ^ 
(6.23a) 
(6.236) 
(6.23c) 
/,„ s^+slRC^+\IRp^R„^C,C^ 
The above eqn. (6.23) shows that the circuit (MFF-2) also realizes the same transfer 
functions as MFF-1 except for a phase inversion. 
6.5.2 Non-ideal transfer functions 
The current transfer functions for the MFF-2, taking into account the non-
idealities of the CCCDBA are as: 
I,. -Cc,^slRC, 
I,„ s' +slRC,+a„,a^,P,p,IR,,R„,C,C, 
In _ a,,a,2fi,iRIR^,)slRC^ 
I,„ s' +S/RC, +a„,a^,p,p,IR,,R„,C,C, 
"^. '' +''RC,+a„,a^,P,P,IR,,R„,C,C, 
(6.24a) 
(6.246) 
(6.24c) 
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Figure 6.11 Simulated response of MFF-1 showing frequency tuning 
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Figure 6.12 Current-mode MFF-2 using two CCCDBAs 
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The pole frequency of the filter and the filter gains are modified as a result of the 
CCCDBA non-idealities. However, the active and passive sensitivities of filter 
parameters and gains are analyzed and found within unity in magnitude. Thus the MFF-2 
enjoys good sensitivity performance. 
6.6 Multifunctional Filter-3 (MFF-3) 
6.6.1 Circuit description 
The multifunctional filter circuit-3 (MFF-3) is shown in Figure 6.13. The circuit 
is analyzed for the current transfer functions as: 
'oul _ • " " ^ 1 
/,., (R/RJs/Rq 
(6.25a) 
(6.256) 'C2 _ 
4 s^+s/RQ+l/Rp^RniQC, 
I s^ 
icL= i (6.25c) 
/,„ s'^slRC,+\IR,,R„,C,C, 
The MFF-3 realizes high-pass in addition to the two band-pass responses. One of the 
band-pass response (lout) is realized with unity gain whereas, the other (Ic2), with a gain 
of (R/Rni). High-pass filter with unity gain is realized. 
6.6.2 Non-ideal transfer functions 
The MFF-3 is analyzed for the CCCDBA non-idealities and the current transfer 
functions are found as: 
J^ a^^^lRC, ^^ _26a) 
lc2_ a„,a„,P,{RIR„OslRC, 
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Figure 6.13 Current-mode MFF-3 using two CCCDBAs 
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In (^nis' (6.26c) 
Equation (6.26) shows that the fiher gains and the pole frequency are modified as a result 
of the device non-idealities. However, the sensitivity of these filters parameters, namely, 
the pole frequency and gains to the active (current and voltage transfer gains) and the 
passive (capacitors) elements are analyzed and found within unity in magnitude that 
represents a low value. Thus the MFF-3 also enjoys good sensitivity performance. 
6.6.3 Design and verification 
The circuit of Figure 6.13 (MFF-3) was designed for center frequency lOOKHz. 
The designed values were as Ci = C2 = lOnF, Id = I02 = 100|iA and R=0.25Kohms. The 
pole-Q with the designed values is 1.7 approximately. The frequency response of the 
circuit is shown in Figure 6.14, The two band-pass and the high-pass responses shown 
verify the theory presented in the earlier subsection. 
6.7 Multifunctional Filter-4 (MFF-4) 
6.7.1 Circuit description 
Next of the proposed two CCCDBA based current-mode multifunctional filter 
circuit is shown in Figure 6.15. The circuit is analyzed using the CCCDBA description of 
equation (6.14) to yield the following two current transfer functions. 
I,„ s'+s/RC.+l/Rp^K.QC^ 
hut \l RRpjC^C-^ 
4 s^+slRC,+\IR,^R„^C,C, 
{621a) 
(6.276) 
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Figure 6.14 Simulated results for MFF-3 showing two band-pass 
and a high-pass response 
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Figure 6.15 Current-mode MFF-4 using two CCCDBAs 
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Equation (6.27) shows that MFF-4 realizes a band-pass response with gain (R/Rp2) and a 
low-pass response with a gain of (Rni/R). The pole frequency of the filter can be 
controlled through the bias currents of the C C C D B A as Rni=VT/2Ioi and R P 2 = V T / 2 I O 2 . 
6.7.2 Non-ideal transfer functions 
The non-ideal current transfer functions for the M F F - 4 are given below. 
I,„ s' +S/RC, +a„,a^,/3,fi,/R,,R„,qC, 2 , . ^ o . , „ „ ^ ^ (6-286) 
The filter gains and the pole-frequency get modified as a result of CCCDBA non-
idealities. However, the sensitivities of these filter parameters to the CCCDBA transfer 
gains and to the capacitors are analyzed and found within unity in magnitude. Thus the 
MFF-4 also enjoys good sensitivity performance. The design and simulations were 
performed on MFF-4 and the circuit was found to shows results similar as obtained for 
other MFFs. 
6.8 Multifunctional Filter-5 (MFF-5) 
6.8.1 Circuit description 
Last of the proposed two CCCDBA based current-mode filter circuit is shown in 
Figure 6.16. Circuit analysis yields the following two current transfer functions. 
Ic2 _ s/R„,Q 
/,„ s'+s/RQ+l/R,,R,CQ ^^ -^ "^^ ^ V2-'^nl'-l*-2 
•'ow 1//?/?„! C | Q 
/,„ s'+s/Ra+\/R,,R,CQ (^-296) V2-'^nl'-l'-2 
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Figure 6.16 Current-mode MFF-5 using two CCCDBAs 
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It is clear from equation (6.29) that a band-pass response with gain (R/Rni) and a low-
pass response with gain (Rp2/R) are obtained from the circuit of MFF-5. Filter pole 
frequency is controllable through the bias current of the CCCDBA as in the other 
proposed MFFs. 
6.8.2 Non-ideal transfer functions 
The non-ideal current transfer functions for the MFF-5 are as follows. 
/,„ s'+slRC,+a„,a^,M,IRnR„,C,C, 
L^^ {cc„ya„t)IRR„,Cf2 (53Q )^ 
It is evident from eqn. (6.30) that the filter pass-band gains and the pole frequency get 
modified due to the CCCDBA non-idealities. However, the current and voltage transfer 
gains are unity over a wide range of frequency as discussed in Chapter 2, thus the effect 
of these non-idealities negligibly affects the filter performance. Next, the active and 
passive sensitivities of the filter parameters namely, the pole frequency and the gains are 
analyzed and found within unity in magnitude which shows that the MFF-5 also enjoy 
good sensitivity performance. MFF-5 was also simulated and similar results obtained as 
for other MFFs. 
6.9 MFFs at a Glance 
The above sections introduced circuits for realizing current-mode multifunctional 
filters employing CCCDBAs. All of the five MFFs use two current controlled current 
differencing buffered amplifier and three passive components. Each circuit can realize in 
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addition to a band-pass response, either a high-pass or a low-pass response. Some of the 
circuits (MFFl - MFF3) provide two band-pass responses one with unity gain and 
another with adjustable gain. Filter pole-frequency in each case is current controllable 
whereas, the pole quality factor can be controlled through R, independent of pole-
frequency. The use of only two CCCDBAs and three passive elements along with the 
features offered by the circuits make them attractive choice as compared to some of the 
works employing CCCIIs [18,78]. Keeping in view the circuit complexity of CCCDBA 
as compared to CCCIl, the presented circuits are expected to be a novel and viable choice 
than other available works [18,78,107]. 
Some of the practical aspects of the presented MFFs are the possibility of 
obtaining active-C realizations and sensing the output current at high impedance, thus 
making the circuits cascadable for current-mode signal processing. The first aspect can be 
addressed by replacing the grounded resistor used in all the MFFs by CCCDBA based 
active equivalent. The use of CCCDBA as a current controlled grounded resistor is 
shown in Figure 6.17a, where the realized resistor value is simply Rp or Rp depending on 
whether P or N terminal is used. Now wherever the current through the resistor is to be 
sensed, Z terminal of the CCCDBA can be used for the purpose, as the current through it 
is same as the P or N terminal current (which ever is used) except for the direction of 
current. Thus the current through the resistor, in each of the MFFs of the earlier sections 
can be sensed at high impedance Z terminal with the replacement of R with an additional 
CCCDBA. This means that the band-pass outputs in MFF-1 to MFF-3 (across R) and the 
low-pass outputs in MFF-4 & 5 are now available at high impedance, hence cascadable. 
The resulting circuits then become active-C multifunctional filters. The second aspect of 
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Figure 6.17a CCCDBA based controlled grounded resistor; 
Interchange of P and N gives the equivalent Rn 
Figure 6.17b Dual output CCCDBA symbol 
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obtaining other outputs also at high impedance is met by implementing additional Z 
outputs in the used CCCDBAs, by using current mirrors. The resulting CCCDBA with 
dual outputs (the symbol is shown in Figure 6.17b) can provide the other outputs (band-
pass outputs with pass-band gain in MFF-1 to MFF-3), which are across Ci in MFF-1 and 
MFF-2, and across C2 in MFF-3, also at high impedance. This modification results in 
CCCDBA based MFF circuits with suitability for cascading in current-mode signal 
processing. As an example, the circuit MFF-2 is shown realized by replacing one of the 
CCCDBAs (CCCDBA 2) with a dual output CCCDBA and replacing the resistor 'R' 
with a CCCDBA-3 based grounded resistor of Figure 6.17a. The resulting circuit is given 
in Figure 6.18 and enjoys an active-C realization in form of CCCDBA and capacitors. 
The N terminal is used for the CCCDBA-3 so as to conform to the output current as 
obtained in the MFF-2 of Figure 6.12. The advantages over the MFF-2 of Figure 6.12 are 
the availability of two outputs (louu and louc) at high impedance and the elimination of 
resistor R. The current transfer functions become: 
(6.31«) • 'HU/I 
l,n 
•'ou(2 _ 
I.n 
h2 
s' 
s' 
+ S/R, 
(K3 
+ s/R„ 
-s/KA 
3C,+l/i?,: 
/R^,)s/R„ 
3C2 + 1 / Rp2 
-s' 
iK 
A 
'A] 
|C|C2 
cc 
(6.316) 
- , (6.31c) 
I,„ s'+s/R„A+URnKAC2 
From the above equation it is to be seen that just varying the bias currents of CCCDBA 
can control the filter parameters. Thus, it is to be concluded that the use of R in the 
proposed MFFs should not be seen as a drawback, as it can be conveniently replaced by 
the CCCDBA itself Moreover, the circuits can also be realized with high impedance 
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Figure 6.18 Current-mode CCCDBA-C version of MFF-2 
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current output by employing CCCDBA with additional mirror stages dual or multiple 
output CCCDBAs). It is to be concluded that the proposed MFFs provide the circuit 
designer a novel and viable current-mode filtering solution. 
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CHAPTER 7 
CONCLUSION 
7.1 Main Results 
Analog circuits are an indispensable part of communication, instrumentation and 
control systems, no matter to what extent digital techniques are used. These analog 
circuits will always be needed for interfacing the real analogue world. The last decade 
has witnessed a growing acceptance of current conveyors and its variations as a suitable 
choice for realizing these analogue signal processing circuits. Such a popularity of 
current conveyors is attributed to their simple circuitry, wide bandwidth, linearity, and 
exceptionally high slew rates. However, another important aspect contributing to their 
popularity is the feasibility of implementing these active elements in Bipolar, CMOS and 
BiCMOS technologies. Chapter-1 of the thesis provides a glimpse of these aspects in 
brief. Thereafter, the presentations throughout the thesis have emphasized on the new 
signal processing circuit realizations using these active elements with compatibility for 
monolithic implementation in contemporary IC technologies. Most of the circuits, which 
include the ones, realized using CCCIIs and CCCDBAs, have been verified using AT & 
T transistors with 300MHz CBIC-R process parameters. 
The active-only current controlled summing/difference and instrumentation 
amplifiers of Chapter-2 are found to possess a wide bandwidth, high CMRR, linearity, 
and low THD. The current controlled precision rectifiers with a simple circuitry are also 
found to possess good linearity, low zero crossing distortions and an output whose 
amplitude can be adjusted through the bias current of CCCII. The circuits are expected to 
be useful in precision ac to dc conversion for sophisticated, portable equipments. The 
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new current controlled current differencing buffered amplifier (CCCDBA) also has a 
wide tunability, low THD, wide bandwidth and high gain accuracy. The extensive 
simulations confirm these features of the newly introduced active element. The 
applications of CCCDBA as basic amplifiers: voltage, current, transconductance and 
transresistance are also given, which can act as basic blocks in wide range of signal 
processing circuits. All the circuits were verified using PSPICE simulations. 
The first order all-pass sections of Chapter-3 realized using CCII, CCIII and CCCII 
possess a simple structure and most of them are actually canonical using the respective 
active element. Effects of device non-idealities are found to have negligible effect on the 
circuits' performance. All the circuits possess low active and passive sensitivities, low 
THD and are compatible in either bipolar or CMOS technologies. Design and simulations 
confirm the practical utility of the circuits. These circuits find important applications in 
design of phase shifters, equalizers, oscillators etc. 
The current-mode translinear-C universal biquadratic filters presented in Chapter-4 
enjoy cascadable high impedance current outputs, thus making them a viable choice for 
higher order filter realization. Some of the circuits are also usable in voltage and or mixed 
mode making them more versatile, with respect to a desired application. The realized 
circuits enjoy optimum and in some case a minimum component count, electronically 
tunable filter parameters, low sensitivities, low THD and compatibility to monolithic 
implementation These features make the circuits an attractive low cost and flexible 
filtering solution. Effects of non-idealities of translinear conveyors are found to have 
negligible effect on the filters' performances. The possibility of realizing higher order 
filters with digital control is also examined using the presented universal biquads by 
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taking up a case study on sixth order filter. Design and verifications through circuit 
simulation using real devices parameters for AT & T CBIC-R 300MHz transistors are 
given that confirm the practical utility of the circuits. 
The translinear-C quadrature oscillators of Chapter-5 realized using different 
standard schemes of realization uses an optimum and in some case a minimum 
component count. The circuits enjoy electronically tunable frequency and sustainability. 
All the circuits also possess low THD and high frequency potential. Effects of non-ideal 
translinear conveyors are found to affect the circuits' performances negligibly. All the 
circuits were verified using PSPICE simulations with attractive results. 
Last of the working presentations (Chapter 6) emphasize on the utility of CDBA in 
filtering and signal generation. The voltage-mode universal filter based on CDBA and 
passive (R, C) components possesses unique feature of providing six responses and a 
novel filtering solution verified by the suggested macro-model of the CDBA. Similarly, 
the quadrature oscillator based on CDBA with features of both voltage and current 
outputs, with non-interactive fi^equency and sustainability controls is also verified 
through simulations. Applications of new CCCDBA in realizing multifunction current-
mode filters are also emphasized with five such circuits. Each of the circuits with 
capacitors and one resistor besides CCCDBAs can also be reduced to active-C 
realizations by replacing the resistor with CCCDBA itself, thus favoring micro 
miniaturization. All the CCCDBA based circuits possess tunable filter parameters, are 
verified using real device parameters and are expected to be extremely usefiil in signal 
processing systems. 
228 
It is to be recapitulated that the thesis has a thrust towards development of high 
performance analogue signal processing functions with electronic tunability in most 
cases, which is an imperative feature for the micro miniaturization of the realized circuits. 
Some of the other practical aspects fulfilled by the presented circuits include: (i) high 
input impedance for voltage-mode controlled amplifiers and rectifiers, (ii) low 
component count, hence low cost for all-pass sections, (iii) high output impedance, hence 
cascadable outputs for current-mode universal filters as well as oscillators, (iv) non-
interactive control over filter parameters for most of the universal filters, (v) non-
interactive control over frequency and condition of oscillation for most of the quadrature 
oscillators, (vi) use of grounded capacitors for most of the circuits, further favoring micro 
miniaturization, and (vii) attractive results for the newly introduced CCCDBA based 
circuit realizations, making it a prospective analogue building block. Besides, the work 
throughout the thesis provides the circuit designer, much needed flexibility of 
implementing the circuits in existing IC technologies. 
7.2 Scope for Future Work 
Inventions, innovations and inquisitiveness are all part and parcel of human 
civilization. There is never an end to it. The thesis, besides contributing to the 
knowledge, can also be an instigation of a number of problems related to this subject of 
Electronics Engineering. Some such future problems are identified as follows, which is 
not necessarily a complete repertoire, keeping in view the opening assertion of the 
section. 
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• IC fabrication of the presented circuits is one of the most natural future problems. 
The availability of current conveyors and its variations in contemporary IC 
technologies makes it even more motivating problem. The detailed non-ideality 
analysis of the presented circuits can be a useful guideline for such a problem. 
• There is a scope of furthering the knowledge on CCI and CCIII based circuit 
realizations, which have not been fully exploited in the technical literature so far. 
Even adding more versatility to these active elements is quite a possibility. Just as 
a CFA realizes a CCII followed by a voltage buffer, similar modifications can be 
made in CCI and CCIII, giving them more versatility. 
• Another interesting problem would be to add tunability to CCI and CCIII, as has 
been done to CCII, which led to the development of CCCII or in the presented 
work to CDBA, giving rise to a CCCDBA. This would mean that all the CCI and 
CCIII based realizations would also enjoy the tunability feature just like the 
Cecils. Similar problems can also be undertaken using FDCCII, if differential 
signal processing is to be performed. These areas are still open for research. 
• One of the other future works could be the realization of analogue functions using 
active elements only. In the presented work, some controlled amplifiers were 
presented using such a scheme. These circuits mean the use of internal dynamics 
of CCCII. Such realizations will be ideal for monolithic implementations and can 
result in much higher frequency operation when compared to active-C 
realizations. The non-ideality study of circuits can actually be used as a starting 
point to derive such realizations from the presented circuits in the work. 
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• Additional circuit realizations (some are reported in this work) using the newly 
introduced CCCDBA can also be a future problem. Such realizations would enjoy 
the versatility of this active element. Moreover, this current controlled active 
element can also be realized using CMOS / BiCMOS technologies. 
To sum up, there is still a lot of scope to pursue this subject of analogue circuits 
and signal processing applications as an important area of further research. 
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APPENDIX 
Al: AT & T CBIC-R 300MHz transistors (NRIOON, PRIOON) model parameters. 
NRIOON NPN (IS=121E-18 BF=137.5 VAF=159.4 IKF=6.974E-3 ISE=36E-16 
NE=1.713 BR=0.7258 VAR=10.73 IKR=2.198E-3 RE=1 RB=524.6 RBM=25 
RC=50 CJE=0.214E-12 VJE=0.5 MJE=0.28 CJC=0.983E-13 VJC=0.5MJC=0.3 
XCJC=0.034 CJS=0.913E-12 VJS=0.64 MJS=0.4 FC=0.5 TF=0.425E-8 TR=0.5E-
8 EG=1.206 XTB=1.538 XT1=2) 
PRIOON PNP (IS=73.5E-18 BF=UO VAF=51.8 IKF=2.359E-3 ISE=25.1E-16 
NE=1.650 BR=0.4745 VAR=9.96 IKR=6.478E-3 RE=3 RB=327 RBM=24.55 
RC=50 CJE=0.18E-12 VJE=0.5 MJE=0.28 CJC=0.164E-12 VJC=0.8 MJC=0.4 
XCJC=0.037 CJS=1.03E-12 VJS=0.55 MJS=0.35 FC=0.5 TF=0.610E-9 
TR=0.61 OE-8 EG=1.206 XTB=1.866 XTl=1.7) 
A2: Sensitivity Definition: 
The sensitivity of a network is a measure of the degree of variation of its 
performance from nominal, due to changes in the elements constituting the network. The 
sensitivity can be quantified using the classical sensitivity flinction as: 
3i y 
Here, 'x' denotes the value of a component (resistor, capacitor, current conveyor 
vohage/current transfer gain, in present context) and 'y' denotes a circuit parameter of 
interest (pole frequency, quality factor, filter gain). For small changes in element value, 
the sensitivity eqn determines the per unit change in 'y' due to per unit change in 'x'. 
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